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1.0  INTRODUCTION 


The  purpose  of  this  technical  report  is  the  documentation  of  experimental  results 
obtained  during  the  Combustion  Mechanisms  project  in  1984-1987.  These  experiments  were 
performed  in  the  Combustion  Research  Laboratory  of  the  Air  Force  Astronautics  Laboratory. 
In  general,  the  experiments  involved  the  spectroscopic  study  of  solid  propellant  flames  at 
pressures  from  atmospheric  to  7  MPa  (1000  psig).  Some  of  the  results  have  been  documented 
in  journal  publications  and  technical  reports  (Ref.  1-13),  but  much  of  the  enclosed  data  has  not 
been  published  and  may  be  of  interest  to  others.  This  technical  report  includes  all  the 
information  in  Ref.  2,4,6-9,  as  well  as  much  unreported  information.  The  rest  of  this 
introduction  is  intended  to  be  a  brief  introduction  to  the  subject  to  make  the  information  in  the 
rest  of  the  report  accessible  to  readers  not  familiar  with  the  area.  A  good  starting  point  for 
more  detail  is  Ref.  14. 

It  is  generally  believed  that  future  improvements  in  the  understanding  of  solid 
propellant  combustion  must  come  from  a  clearer  picture  of  the  chemistry  and  physics  occurring 
in  high  pressure  solid  propellant  flames.  Condensed  phase  reactions  also  need  more  study. 
The  structure  and  reactions  of  solid  propellant  flames  are  not  well  understood  under  rocket 
motor  conditions  (pressures  on  the  order  of  7  MPa  (1000  psia)),  although  enough  is  known 
that  serviceable  solid  propellant  combustion  models  have  been  created  (Ref.  14).  These 
models  tend  to  emphasize  the  heat  transfer  aspects  of  combustion  at  the  expense  of  the 
chemistry.  This  allows  much  useful  information  to  be  derived  from  the  models,  although 
many  situations  that  are  directly  chemistry  related,  such  as  binder  structure  influences  on 
burning  behavior,  are  not  well  handled.  To  improve  the  understanding  of  solid  propellant 
combustion,  much  more  detailed  information  is  needed  on  propellant  flames,  preferably  under 
high  pressure  combustion  conditions.  It  is  important  to  understand  the  combustion  chemistry 
since  this  is  the  type  of  information  the  propellant  formulator  or  chemist  can  use  to  tailor  and/or 
improve  the  performance  of  the  propellant. 

Laser- based  combustion  diagnostics  (Ref.  15,16)  have  the  potential  to  address  many  of 
the  unknown  aspects  of  propellant  combustion,  although  the  experimental  difficulties  are 
formidable.  Propellant  flames  have  large  temperature  gradients,  very  complex  chemistry,  and 
are  often  heterogeneous  and  time  varying  (Ref.  14).  Under  conditions  where  laser  diagnostics 
are  not  feasible  because  of  flame  opacity  or  other  considerations,  emission 
(chemiluminescence)  spectroscopy  can  yield  useful  information,  although  typically  with  poorer 
spatial  and  temporal  resolution  than  laser-based  diagnostics.  This  report  describes  the 
application  of  such  diagnostic  tools  to  the  study  of  solid  propellant  flames  at  high  pressures. 
Publications  from  this  research  have  described  modelling  and  experimental  work.  The 
modelling  efforts  were  aimed  at  a  better  understanding  of  the  influence  of  high  pressure  on 
such  processes  as  quenching  and  self- absorption  (Ref.  10-13).  The  experimental  papers 
discussed  studies  of  propellant  flame  structure  by  the  analysis  of  flame  chemiluminescence 
(Ref.  1-3,5).  Several  papers  were  mainly  oriented  to  the  experimental  aspects  of  the 
application  of  OH  and  CN  LIF  to  the  study  of  high  pressure  solid  propellant  flames  (Ref.  4,6- 
9).  This  report  also  includes  a  brief  discussion  of  the  application  of  laser-Raman  scattering 
using  the  308  nm  beam  from  an  excimer  laser  as  a  solid  propellant  flame  diagnostic.  The  OH 
LIF  work  (Ref.  4,6)  was  performed  to  examine  the  influence  of  the  high  pressure,  optically 
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thick  propellant  flame  on  laser  diagnostics,  while  the  CN  LIF  work  (Ref.  4,7,8)  is  the  initial 
work  in  planned  studies  of  important  radicals  such  as  CN,  CH,  NH,  and  NO.  Important  work 
in  this  area  is  also  that  of  Parr  and  Parr  (Ref.  17),  who  have  generated  2-D  images  of  OH,  CN, 
NH,  NO,  NO2,  and  temperature  in  atmospheric  pressure  laser-driven  solid  propellant  flames. 

Radicals  are  only  part  of  the  chemistry  picture  in  solid  propellant  flames.  The 
distributions  of  temperature  and  stable  species  are  also  important  and  have  been  the  subject  of 
several  research  studies.  Coherent  anti-Stokes  Raman  spectroscopy  has  been  used  as  a 
diagnostic  in  solid  propellant  combustion  research  as  both  a  temperature  and  species  probe 
(Ref.  18-21),  although  data  on  high  pressure  propellant  flames  is  difficult  to  obtain.  The 
temperature  distribution  in  a  number  of  solid  propellants  has  been  measured  using  very  fine 
thermocouples  (Ref.  22,23).  This  data  gives  some  important  information  on  the  location  and 
thickness  of  reaction  zones.  Several  studies  of  the  distribution  of  stable  species  in  solid 
propellant  flames  have  been  made  using  sampling  probes  connected  to  mass  spectrometers 
(Ref.  23).  A  summary  of  the  species  and  temperature  measurements  made  in  solid  propellant 
flames  is  given  in  Table  1.  Other  species  are  important  and  deserve  study.  For  example,  some 
important  species  that  have  not  been  studied  in  propellant  flames  and  possible  diagnostic 
probes  for  these  species  are  H2CN  (IR  absorption  (Ref.  24)),  C2H4  and  C2H2  (Raman  or 
CARS  (Ref.  16,25))  and  HCO  (REMPI  (Ref.  26)).  These  type  of  diagnostics  may  not  be 
possible  in  propellant  flames.  Extensive  research  has  been  done  on  the  thermal  decomposition 
mechanisms  of  solid  propellants  and  propellant  ingredients  (Ref.  27-29,202),  although  the 
application  of  these  mechanisms  to  the  much  higher  heating  rates  encountered  in  solid 
propellant  combustion  is  difficult  (Ref.  28,29).  Several  diagnostic  approaches  will  have  to  be 
applied  to  high  pressure  propellant  flames  before  the  flame  structure  and  chemistry  will  be  well 
understood.  A  brief  summary  of  the  current  understanding  of  the  main  solid  propellant 
families  is  now  appropriate  as  an  introduction  to  the  measurements  discussed  in  the  body  of 
this  report .  Solid  propellants  are  generally  divided  into  two  broad  classes,  homogeneous  and 
heterogeneous,  depending  upon  the  physical  structure  of  the  solid  phase.  Homogeneous 
propellants  are  those  propellants  consisting  only  of  a  polymeric  binder  and  a  liquid  plasticizer. 
A  typical  example  would  be  a  "double-base"  propellant  consisting  of  nitroglycerin  and 
nitrocellulose.  Heterogeneous  propellants  add  a  crystalline  oxidizer  to  the  polymer/plasticizer 
mixture  before  curing  and  thus  the  solid  phase  is  heterogeneous.  Common  crystalline 
oxidizers  are  ammonium  perchlorate  (AP)  and  cyclotetramethylene  tetranitramine  (HMX).  The 
combustion  chemistry  of  homogeneous  and  heterogeneous  propellants  can  be  quite  different, 
as  described  below.  A  compilation  of  the  acronyms  and  structures  of  the  propellant  ingredients 
discussed  in  this  report  is  listed  in  Appendix  D.  A  convenient  list  of  acronyms  encountered  in 
the  propellant  area  has  been  published  (Ref.  30). 

HOMOGENEOUS  PROPELLANTS 

Homogeneous  solid  propellants  based  upon  nitrate  esters  as  the  energetic  ingredient 
were  among  the  first  solid  propellants  in  widespread  use.  The  first  such  propellants  consisted 
of  a  mixture  of  nitrocellulose  (NC)  and  nitroglycerin  (NG),  hence  the  name  "double- base." 
More  modern  propellants  utilize  NG  as  an  ingredient  in  an  energetic  binder,  rather  than  as  the 
basis  for  an  entire  propellant.  Because  of  combustion  differences  between  the  various 
propellants,  Cohen  (Ref.  54,55)  suggests  it  is  desirable  to  sub-divide  the  generic  "double- 
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base"  propellant  grouping  into  double-base  (hereafter  DB,  consisting  entirely  of  NG  and  NC), 
"cross-linked  double  base"  (XLDB,  e.g.,  NG/PEG  or  NG/PGA  (Ref.  56)),  and 
"nitroplastisol"  (NP,  e.g.  TMETN/TEGDN/NC  (Ref.  43)).  The  homogeneous  nature  of  the 
solid  propellant  implies  that  the  flame  above  the  propellant  surface  should  be  one-dimensional, 
with  temperature  and  composition  varying  only  as  a  function  of  distance  above  the  surface. 
These  propellants  have  been  the  subject  of  much  study,  with  the  following  picture  generally 
agreed  upon  (Ref.  23,29,57,58).  The  burning  propellant  is  divided  up  into  several  zones.  The 
initial  zone  is  the  preheat  zone  where  the  propellant  is  heated  up  to  some  temperature  where  the 
propellant  begins  to  decompose  (the  "foam  zone").  The  gaseous  propellant  decomposition 
products  (generally  thought  to  consist  of  aldehydes  +  NO2)  bum  rapidly  in  the  "fizz  zone"  until 
the  NO2  and  aldehydes  are  consumed.  At  pressures  below  about  100  atm,  an  induction  zone 
occurs  (the  "dark  zone"),  followed  by  a  luminous  flame  where  the  NO  from  the  fizz  zone  is 
finally  consumed  and  the  final  product  distribution  is  achieved.  For  example,  mass 
spectrometer  probe  measurements  (Ref.  23)  have  been  made  near  the  surface,  but  above  the 
small  fizz  zone  (25%  NO,  2  %  N2,  42%  CO,  15%  C02,  14%  H20,  0.6%  H2,  3% 
hydrocarbons)  and  in  the  luminous  flame  (0%  NO,  15%  N2,  28%  CO,  38%  C02,  19%  H20, 
0.4%  H2).  At  higher  pressures,  the  luminous  flame  zone  and  the  fizz  zone  essentially  merge 
and  no  dark  zone  is  visible.  When  visible,  the  length  of  the  dark  zone  is  roughly  proportional 
to  P'1  (Ref.  59).  Except  at  higher  pressures,  the  luminous  flame  zone  is  thought  to  have  little 
influence  on  the  propellant  bum  rate.  However,  the  energy  release  in  the  NO— *N2  reaction  is 
so  large  that  if  this  energy  release  could  be  force  to  occur  close  enough  to  the  surface,  the  effect 
on  the  propellant  bum  rate  would  be  large  (Ref.  60).  The  propellant  properties  are  usually 
correlated  in  terms  of  the  propellant  energy  ("heat  of  explosion").  An  important  feature  of 
these  types  of  propellants  is  that  the  burning  rate  is  modifiable  over  a  large  range  by  the 
addition  of  catalysts  (typically  lead  salts),  with  the  result  that  pressure  regions  can  be  found  in 
the  catalyzed  propellants  where  the  pt  tpellant  burning  rate  is  independent  of  pressure.  This 
has  important  ballistic  implications,  and  is  one  area  of  propellant  combustion  where  an 
improved  understanding  of  solid  propellant  combustion  chemistry  might  yield  valuable  insight 
into  this  important  yet  poorly  understood  phenomena. 

Homogeneous  propellants  are  the  simplest  propellants  to  model  and,  as  such,  are  a 
common  basis  for  theoretical  models  that  include  complex  phenomena  such  as  transient 
behavior  and  two-phase  flow  (Ref.  61,62).  The  purpose  of  this  discussion  is  not  to  review  the 
various  models,  but  to  briefly  discuss  the  current  understanding  of  the  propellant  flame 
chemistry.  For  this  reason,  I  will  only  discuss  a  few  of  the  (simpler)  homogeneous  propellant 
models  that  have  been  used  to  correlate  actual  propellant  behavior  (Ref.  23,58,59,63-66). 
Note  that  HMX  and  AP  as  monopropellants  could  be  defined  as  a  homogeneous  propellant,  but 
discussion  of  HMX  and  AP  is  deferred  until  later  in  this  section.  In  these  models,  a  heat 
balance  is  performed  at  the  propellant  surface.  The  heat  needed  to  raise  the  propellant  from  the 
bulk  temperature  to  the  surface  temperature  {cs(Ts-Tq),  where  cs  is  the  propellant  heat 
capacity,  T0  is  the  bulk  propellant  temperature  and  Ts  is  the  surface  temperature)  is  equated  to 
the  heat  released  in  condensed  phase  reactions  {QsJ  and  the  heat  input  from  the  flame  (Qg). 
Qs  is  generally  modeled  as  being  positive,  but  could  be  negative  for  endothermic  condensed 
phase  reactions.  The  condensed  phase  reactions  of  nitrate-ester  propellants  are  net  exothermic. 
The  relative  importance  of  Qs  and  Qg  is  a  function  of  the  propellant  energy  level  and  the 
pressure  (Ref.  23).  The  simplest  models  are  those  of  Kubota  (Ref.  59)  and  Beckstead  (Ref. 
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58),  who  assume  Qg  is  released  at  the  surface  and  assume  a  simplified  model  for  the  gas  phase, 
such  as  a  single  flame  sheet  or  a  uniform  heat  release  in  a  specified  reaction  zone  for  the  fizz 
zone.  This  heat  balance  approach  is  similar  to  the  approach  used  in  laminar  flame  theories 
(Ref.  67-69).  Cohen  (Ref.  63,64)  integrates  through  the  condensed  phase  rather  than 
assuming  a  surface  reaction.  Cohen  and  Lo  have  also  extended  their  modeling  to  other  nitrate 
esters  such  as  TMETN,  TEGDN,  and  BTTN  (Ref.  65).  Lengelle  (Ref.  23)  assumes  an  in- 
depth  condensed  phase  heat  release  and  two  overall  global  reactions  (flame  sheets), 
corresponding  to  the  fizz  zone  flame  and  the  luminous  flame.  Bizot  (Ref.  66)  modifies  this 
approach  by  adding  a  third  overall  reaction  between  NO  and  carbon  which  improves  the  model 
performance  at  higher  pressures  (>100  atm)  and  allows  for  the  effects  of  catalysts  to  be 
modeled.  The  influence  of  various  catalysts  on  the  combustion  of  various  energetic  ingredients 
has  been  studied  in  detail  (Ref.  60,70),  although  the  details  of  the  catalysis  of  DB  propellant 
combustion  by  lead  compounds  are  still  unclear  (Ref.  23,29). 

These  models  have  several  features  in  common.  The  fizz  zone  chemistry  is  modeled  as 
aldehyde/N02  reactions,  generally  lumped  together  into  a  single  global  reaction  (Ref.  58,63). 
For  example,  nitroglycerin  is  modeled  as  decomposing  (Ref.  64):  C3H5N3O9— >2  CH20  + 
HCO  +  3  NO2,  with  the  CH20,  HCO,  and  NOj  reacting  in  the  fizz  zone.  The  fizz  zone  flame 
is  modeled  either  as  a  high  activation  energy  reaction  (flame  sheet)  (Ref.  63,59)  or  a  (lower 
activation  energy)  distributed  reaction  zone  (Ref.  23,59).  Use  of  a  flame  sheet  approximation 
gives  a  flame  height  for  a  double-base  propellant  at  10  atm  (r=»0.2  cm/s)  of  approximately  50 
p.m  (Ref.  63,59).  The  corresponding  luminous  flame  height  (or  dark  zone  length/induction 
zone  length)  is  on  the  order  of  1  cm  (Ref.  59).  For  the  simplest  models,  the  burning  rate  is 
found  by  solving  the  energy  balance  equation  and  the  surface  pyrolysis  law  {r~Asexp(- 
ES/RTS),  where  A  and  E  are  the  Arrhenius  parameters  for  the  propellant  pyrolysis} 
simultaneously.  The  heat  input  from  the  flame  is  calculated  from  the  flame  standoff  distance 
and  the  flame  heat  release  (Qf)  { Qg=Qfexp(-psrcgXfA.g),  where  Xf  is  the  flame  standoff 
distance,  c  and  X  are  the  gas  phase  heat  capacity  and  thermal  conductivity  and  the  product  of  ps 
and  r  is  the  mass  burning  rate  of  the  propellant}.  The  flame  standoff  distance  is  calculated 
from  the  assumed  flame  (global)  rate  kinetics  {xf~(kP^)’1~(I'5Agexp(-Eg/RTg))-1,  where  k  is 
the  rate  constant,  8  is  the  gas  phase  reaction  order  and  A  and  E  are  the  Arrhenius  parameters, 
all  for  the  assumed  global  reaction  in  the  flame}.  This  simple  model  can  be  used  to  gain  some 
physical  insight  into  the  propellant  flame  structure.  For  example,  if  a  laser  is  used  to  add  heat 
at  the  propellant  surface  (e.g.,  (Ref.  17)),  the  heat  balance  must  shift  to  account  for  the  added 
surface  heat  release.  Assuming  that  the  propellant  surface  temperature  remains  constant,  the 
bum  rate  and  flame  standoff  distance  must  change.  Since  the  surface  temperature  is  only  a 
weak  function  of  bum  rate  (Ref.  23),  is  seems  likely  that  the  main  change  in  the  event  of  laser 
heat  addition  would  be  an  increase  in  the  propellant  bum  rate  and/or  an  increase  in  the 
propellant  flame  height.  This  is  the  reason  for  the  large  flame  zones  observed  in  laser  pyrolysis 
work  (Ref.  17).  Another  general  observation  is  that  the  flame  standoff  or  flame  height  is  a 
strong  function  of  the  condensed  phase  heat  release  assumed  for  a  given  (known)  bum  rate. 
The  heat  release  is  generally  calculated  from  microthermocouple  traverses  of  the  propellant 
condensed  phase  and  flames  (Ref.  44,59,71),  although  the  accuracy  of  these  profiles  (actually 
the  accuracy  of  the  temperature  gradient  near  the  surface)  at  higher  pressures  has  been 
questioned  (Ref.  58)  One  difficulty  that  is  common  to  all  the  models  is  that  the  maximum 
temperature  (Tg)  at  the  end  of  the  fizz  zone  must  be  known.  This  temperature  is  not  the 
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adiabatic  (equilibrium)  flame  temperature,  but  is  rather  the  temperature  that  accounts  for  the  fact 
that  most  of  the  nitrogen  is  in  the  form  of  NO  at  the  end  of  the  fizz  zone,  rather  than  N2.  This 
temperature  can  be  calculated  on  the  assumption  that  NO  is  the  main  nitrogen-containing 
product,  although  this  assumption  still  leads  to  imperfect  results  (Ref.  63,66).  Non¬ 
equilibrium  formation  of  solid  carbon  is  also  important  in  some  propellants  (Ref.  73). 

Detailed  chemical  kinetic  modeling  has  been  performed  for  double-base  propellants 
(Ref.  74,75).  The  decomposition  mechanism  of  the  solid  ingredients  must  still  be  assumed 
(e.g.,  C3H5N3O9— >2  CH20  +  HCO  +  3  NO^  as  above  (Ref.  65)).  The  aldehydes  are 
consumed  by  fast  reactions  with  the  H,  O,  and  OH  radicals  in  the  fizz  zone  in  this  detailed 
analysis.  The  overall  carbon  mechanism  is  CH20—»HC0— »CO— *CC>2.  The  N02  is  consumed 
by  fast  reactions  with  the  same  radicals  to  form  NO  and,  eventually,  N2.  The  dark  zone  is 
generally  perceived  to  be  a  chemical  induction  zone,  where  the  radicals  depleted  in  the  fizz  zone 
are  built  back  up  until  the  NO-*N2  reaction  can  take  place.  Reactions  in  the  luminous  flame 
were  an  early  target  of  kinetic  modeling  (Ref.  76),  since  mass  spectrometric  analyses  of  the 
dark  zone  and  luminous  flame  were  among  the  earliest  successful  diagnostic  measurements  in 
high  pressure  propellant  flames  (Ref.  23,29,57,77,78).  However,  the  luminous  flame  has  the 
least  important  influence  on  the  propellant  combustion  since  it  occurs  so  far  from  the  surface. 
As  discussed  above,  double-base  bum  rate  models  ignore  the  luminous  flame  except  at  the 
highest  pressures.  However,  from  a  chemistry  standpoint,  all  gas-phase  zones  are  of  interest 
since  part  of  the  chemistry  occurring  in  the  fizz  zone  may  be  inferred  from  dark  zone  analyses. 
The  major  weaknesses  of  this  type  of  detailed  kinetic  modeling  are  that  the  initial 
decomposition  products  must  still  be  assumed  and  that  the  rate  constants  for  many  of  the 
combustion  reactions  have  not  been  studied  under  the  temperature  and  pressure  conditions 
encountered  in  propellant  combustion. 

The  fizz  zone  is  a  difficult  diagnostic  target.  Of  the  important  radical  species  present, 
only  OH  (and  perhaps  NO)  is  a  convenient  subject  for  LIF  in  the  difficult  propellant  flame 
environment.  Probing  a  molecule  such  as  HCO  would  be  quite  difficult.  N02  LIF  has  been 
tentatively  reported  in  propellant  flames  at  atmospheric  pressure  (Ref.  17).  Emission 
spectroscopic  studies  at  the  AFAL  on  a  double  base  propellant  (see  Section  4.6)  yielded  no 
detectable  emission  from  the  common  "interesting"  radicals  (OH,  CH,  CN,  NH)  at  any  point  in 
the  flame  at  pressures  from  0.8-3. 5  MPa.  Weak  Na  emission  (589  nm)  was  seen  in  the 
luminous  flame  zone.  Other  DB  emission  measurements  have  yielded  similar  results  (Ref.  79- 
81),  with  only  impurity  spectra  (such  as  Na  and  K)  observed.  However,  an  IR  emission  study 
observed  (apparently)  such  reactive  species  as  NO,  N02,  C2H2,  and  HCN  (Ref.  79). 
Attempts  at  measuring  CN  concentrations  with  CN  LIF  (Section  5.2)  were  unsuccessful, 
which  is  not  surprising  since  CN  is  not  anticipated  to  play  an  important  role  in  CH20/N02 
flames.  NH  LIF  experiments  have  not  been  performed,  but  again  the  likelihood  of  significant 
amounts  of  NH  being  found  in  the  flame  is  small  if  the  aldehyde/N02  theory  is  correct.  OH 
and  NO  LIF  experiments  are  planned  in  the  DB  propellant  flames  at  AFAL  (complementary  to 
the  successful  OH  LIF  experiments  in  the  API  and  HMX1  propellant  flames  (Sections  5.1, 
5.4)  to  see  if  the  OH  and  NO  profiles  can  be  measured.  One  would  expect  (speculate?)  that  the 
OH  profile  would  show  two  peaks,  one  in  the  fizz  zone  where  the  OH  is  actively  involved  in 
reactions  with  CH20  and  HCO,  and  one  in  the  luminous  flame  where  the  OH  is  involved  in  the 
CO— »C02  and  NO— >N2  reactions.  The  NO  profile  should  show  a  broad  peak  in  the  dark 


5 


zone.  Much  of  this  is  still  speculation  since  CH2O  is  a  very  difficult  fuel  to  handle  and  thus 
has  not  been  commonly  studied.  However,  a  study  of  a  CH2O/NO2  flame  has  been  recendy 
reported  (Ref.  82).  One  of  the  key  chemistry  issues  in  double-base  propellant  combustion  is 
the  identity  of  the  gas-phase  species  generated  by  the  various  solid  propellant  components. 
NG  is  proposed  to  form  0120,  NO2,  and  HCO  (Ref.  64,74),  but  what  of  other  ingredients, 
especially  the  polymers  such  as  PEG  and  PGA?  The  identification  of  the  decomposition 
products  of  these  polymers  will  be  a  key  requirement  of  an  accurate  XLDB  propellant  chemical 
mechanism,  since  models  that  fit  DB  and  NP  propellants  tend  to  fit  XLDB  propellants  less  well 
because  of  the  unknown  effects  of  the  binder  decomposition  (Ref.  54,65).  The  pyrolysis  of 
these  binders  will  lead  to  various  hydrocarbons  and  aldehydes  (Ref.  17,83,84),  as  well  as 
(probably)  solid  carbon.  Solid  carbon  is  known  to  be  important  in  bum  rate  modification  in 
catalyzed  double-base  propellants  and  may  well  be  important  in  the  kinetic  mechanisms  for 
double-base  (Ref.  66),  XLDB  (Ref.  65),  and  nitramine  flames.  Certainly,  the 
thermochemistry  of  these  type  of  propellants  is  modified  by  the  presence  of  solid  carbon  (Ref. 
73).  LIF  experiments  at  AFAL  in  DB  propellant  flames  at  pressures  from  0.8-3. 5  MPa  have 
found  significant  scattering  from  particulates,  to  the  extent  that  the  DB1  flame  (where  "flame" 
is  defined  here  as  the  region  above  the  surface,  regardless  of  any  visible  emission)  is 
essentially  opaque  at  pressures  much  above  3.5  MPa  where  the  dark  zone  is  small. 
Interestingly,  the  opacity  of  the  dark  zone  in  the  DB  flame  is  a  minimum  at  about  1.8  MPa,  and 
increases  as  the  pressure  is  lowered.  If  one  assumes  the  gas  opacity  at  these  lower  pressures  is 
caused  by  soot  or  solid  carbon,  rather  than  the  general  increase  in  flame  opacity  seen  with 
increases  in  pressure  ((Ref.  1)  and  Section  5.1),  then  it  is  tempting  to  speculate  that  more 
carbon  is  being  formed  as  the  pressure  is  lowered,  perhaps  due  to  less  complete  combustion 
(?).  Glowing  particles  can  be  seen  in  the  dark  zone  in  pictures  of  DB  propellant  flames  taken 
by  Kubota  (Ref.  59),  very  obvious  at  1  MPa  and  less  obvious  and  2  and  3  MPa.  This  carbon 
has  important  diagnostic  implications  and  may,  as  stated,  have  important  kinetic  implications. 
For  example,  one  would  like  to  lower  the  pressure  to  extend  the  fizz  zone  and  increase  the 
diagnostic  resolution  close  to  the  surface.  However,  if  lowering  the  pressure  causes  large 
amounts  of  carbon  to  form,  the  chemistry  may  be  changing  significantly  and  thus  the  chemistry 
seen  at  low  pressure  may  be  difficult  to  relate  to  the  high  pressure  combustion  of  the 
propellant. 

HMX  COMPOSITE  PROPELLANTS 

The  combustion  of  nitramines  and  nitramine  composite  propellants  has  been  the  subject 
of  a  large  number  of  research  studies.  A  review  (or  even  a  detailed  discussion)  of  the  research 
in  this  area  is  beyond  the  scope  of  this  report  and  the  expertise  of  the  author.  However,  a  brief 
discussion  of  the  combustion  of  nitramine  propellants  is  appropriate  as  an  introduction  to  the 
experimental  results  presented  later.  From  this  point,  the  discussion  will  focus  on  HMX,  but 
many  of  the  conclusions  are  appropriate  to  RDX  also.  The  main  differences  in  the  combustion 
of  RDX  and  HMX  come  about  because  of  the  differences  in  vapor  pressure  (Ref.  28).  More 
detailed  discussions  of  HMX  thermal  decomposition  behavior  are  available  (Ref.  28,29), 
although  the  application  of  this  information  to  the  higher  temperatures  and  heating  rates 
encountered  in  combustion  is  difficult  (Ref.  28,29).  The  chemistry  in  HMX  propellant  flames 
under  combustion  conditions  is  not  well  understood  (Ref.  28,29). 
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The  combustion  of  HMX  composite  propellants  is  thought  to  be  similar  in  many  ways 
to  that  of  double-base  propellant  flames,  even  though  the  propellants  are  heterogeneous  (Ref. 
22).  HMX  is  much  more  stoichiometrically  balanced  than  AP  so  that  HMX  composite 
propellants  bum  more  like  one-dimensional  (premixed)  double-base  flames  than  the  multi¬ 
dimensional  AP  composite  propellant  flames.  For  example,  a  dark  zone  has  been  reported  for 
HMX  propellants  with  non-energetic  binders  (Ref.  22).  The  chemistry  of  nitramines  is 
thought  to  be  more  complex  than  the  relatively  simple  aldehyde/NC>2  chemistry  seen  in  double¬ 
base  flames.  Although  originally  it  was  thought  that  the  HMX  decomposition  could  be 
modeled  as  a  CH2O/N2O  flame  (based  on  low  temperature,  low  heating  rate  decomposition 
experiments),  it  now  appears  that  HCN  is  an  important,  if  not  the  principal,  fuel  species  in  the 
HMX  flame  under  combustion  conditions  (Ref.  29,85,86).  This  leads  to  some  interesting 
changes  in  the  chemistry.  HCN  is  an  important  intermediate  in  the  combustion  of  fuel 
nitrogen,  so  the  combustion  chemistry  of  HCN  has  been  studied,  at  least  with  O2  as  an 
oxidizer  (Ref.  87).  A  model  flame  study  of  a  C2N2/NO2  flame  is  underway,  with  an  extension 
to  H2/C2N2/NO2  being  planned  (Ref.  88).  The  chemistry  of  this  flame  may  be  similar  to  that 
of  a  HCN/NO2  flame  (not  studied  because  of  the  hazards  of  HCN),  although  the  C-C  bond  in 
C2N2  is  stronger  than  the  H-C  bond  in  HCN.  The  combustion  of  HCN  has  been  reported  to 
occur  through  intermediate  CN,  NCO,  and  NHX  species  to  the  final  NO  and  N2  products  (Ref. 
87,89,90).  Although  this  mechanism  was  found  in  02-oxidized  flames,  it  should  be  relevant 
to  N02-oxidized  flames  since  the  initial  NO2  reaction  is  usually  the  breakdown  of  of  NO2  into 
NO  and  O  (or  the  abstraction  of  O  by  H  to  form  OH  +  NO),  with  OH  and  O  being  more 
reactive  oxidizers  than  NO.  Thus,  the  active  oxidizers  should  be  O  and  OH  radicals  as  in  02- 
oxidized  flames. 

The  combustion  of  HMX  and  HMX  composite  propellants  has  been  modeled  by  many 
investigators  (e.g.,  (Ref.  54,55,91-99)).  Most  of  the  models  have  used  a  two-step  global 
kinetics  model  of  the  gas  phase:  HMX  ->  HCN,N02,CH20,N20  -»  C0,C02,H2,H20,N2. 
As  with  the  nitrate-ester  propellants,  the  final  reactions  are  usually  modeled  as  occurring  too  far 
from  the  surface  to  affect  the  bum  rate  at  typical  rocket  motor  pressures.  This  was  seen  in  inert 
binder  propellants  where  the  length  of  the  dark  zone  could  be  modified  with  a  catalyst  without 
affecting  the  propellant  bum  rate  (Ref.  22).  The  differences  between  HMX  monopropellant 
combustion  and  nitrate-ester  combustion  is  that  the  condensed  phase  is  probably  endothermic, 
rather  than  exothermic  (Ref.  54,55).  The  transition  of  HMX  from  solid  to  gas  under 
combustion  conditions  is  very  complex  (Ref.  28),  but  can  be  generalized  as  being  a 
vaporization  process,  rather  than  a  condensed  phase  decomposition  (Ref.  54,55).  This  implies 
that  the  heat  feedback  from  the  vapor  phase  controls  the  combustion  and  that  the  heat  release 
should  occur  closer  to  the  surface  than  in  a  comparable  nitrate-ester  (double-base)  propellant 
that  has  significant  condensed  phase  heat  release.  A  typical  HMX  composite  propellant 
consists  of  HMX  in  an  energetic  binder  (more  precisely,  an  inert  binder  such  as  PGA  with  an 
energetic  plasticizer  such  as  NG  or  TMETN).  Energetic  polymers,  such  as  NG,  are  rarely 
used.  The  HMX  and  energetic  binder  are  usually  modeled  as  non-interacting  (Ref.  55), 
although  not  always  (Ref.  97,98).  If  the  binder  and  HMX  are  modeled  as  interacting,  the 
diffusion  flame  between  the  two  is  modeled  as  "robbing"  the  HMX  monopropellant  flame  of 
energy  (Ref.  98).  The  addition  of  HMX  to  energetic  binders  reduces  the  net  condensed  phase 
heat  release  (and  thus  decreases  the  temperature  sensitivity)  and  increases  the  gas  phase  control 
of  the  combustion  (and  thus  increases  the  pressure  exponent)  (Ref.  55).  In  general,  these 
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models  imply  that  the  gas  phase  reactions  control  the  combustion  of  the  HMX  and  that  the 
majority  of  the  rate-controlling  heat  release  occurs  very  close  to  the  surface. 

Detailed  kinetic  modeling  of  HMX  and  RDX  combustion  (no  binder)  has  been 
performed  (Ref.  94,95,100).  The  limitations  of  this  approach  are  similar  to  those  discussed  in 
the  homogeneous  propellant  discussion,  namely  the  limited  knowledge  of  the  initial  propellant 
decomposition  products  and  the  lack  of  kinetic  data  taken  under  combustion  conditions.  The 
gas  phase  models  are  linked  to  the  propellant  surface  through  a  boundary  condition  and  the 
bum  rate  can  then  be  predicted.  The  bum  rate  was  found  to  be  sensitive  to  many  of  the 
reactions,  although  the  many  uncertainties  in  the  rate  kinetics  prevent  firm  conclusions  so  far. 
If  the  HMX  decomposition  was  assumed  to  proceed  through  HCN  and  NO2,  the  important 
initial  reactions  were  H  +  NO2  -*  NO  +  OH  (consumption  of  NO2  and  formation  of  the 
"kinetically  sluggish"  (Ref.  60)  NO)  and  HCN  +  O  — >  NCO  +  OH  (fast  consumption  of  HCN) 
(Ref.  94).  CN  is  intimately  involved  in  reactions  involving  HCN  (Ref.  94),  so  measurements 
of  CN  (see  below)  could  be  used  to  track  the  combustion  of  HCN.  Even  more  complex  kinetic 
models  have  been  constructed  and  used  to  model  the  ignition  of  nitramines  (Ref.  95).  Kinetic 
modeling  of  RDX  combustion  in  the  Soviet  Union  (Ref.  100)  has  also  been  performed  and  the 
results  compared  to  mass  spectrometric  measurements  of  RDX  flame  species  at  0.5  atm  (Ref. 
39,40,101,102).  The  lack  of  firm  data  on  initial  binder  decomposition  products  is  a  large 
roadblock  to  further  progress  in  modeling  actual  propellants  (nitramine  +  binder). 

HMX  propellant  combustion  has  been  studied  experimentally  in  several  ways.  HMX 
flames  are  rich  in  such  radical  intermediates  as  CN  and  NH,  so  emission  and  LIF  are  useful 
diagnostics.  In  fact,  CN  and  NH  have  been  seen  in  emission  in  HMX  flames  up  to  7  MPa 
(Section  4.5),  and  CN  LIF  profiles  have  been  obtained  in  both  HMX  propellants  listed  in  Table 
3.1.1  (Section  5.2).  NO  and  NO2  have  been  measured  in  atmospheric  pressure  HMX  flames 
in  ignition  (Ref.  17),  so  the  possibility  of  measuring  these  species  in  higher  pressure  flames 
exists  and  will  be  attempted  at  AFAL.  Temperature  profiles  have  been  measured  in  HMX 
propellant  flames  with  thermocouples  (Ref.  22),  with  the  results  confirming  the  "two-stage" 
flame  visually  observed.  CARS  has  been  used  to  tentatively  identify  HCN  in  the  propellant 
flames  (Ref.  18,103).  Mass  spectrometric  measurements  of  species  have  been  made  in  the 
dark  and  luminous  flame  zones,  as  with  double-base  flames,  with  similar  results.  The 
interesting  results  of  Parr  and  Parr  (Ref.  17)  showed  that  the  CN  and  NH  peak  in  concentration 
farther  away  from  the  surface  than  NO2,  apparently  indicating  that  these  species  are  playing  a 
role  in  the  consumption  of  NO2.  CN  LIF  experiments  at  AFAL  in  an  inert-binder  HMX 
propellant  ("HMX2"  in  Table  3.1.1)  showed  a  CN  peak  at  the  end  of  dark  zone,  with  the  CN 
in  an  energetic-binder  HMX  propellant  ("HMX1"  in  Table  3.1.1)  flame  peaking  near  the 
surface  (see  Section  5.2).  The  energetic-binder  HMX  propellant  shows  no  dark  zone,  so  the 
source  of  the  CN  in  the  HMX1  flame  is  in  doubt.  CN  at  the  upper  er.d  of  the  HMX2  dark  zone 
can  be  explained  by  the  reaction  of  the  hydrocarbons  and  N2O  seen  in  the  dark  zone  by  Kubota 
(Ref.  22).  CN  would  not  be  expected  in  the  reaction  of  the  classical  dark  zone  reactants  NO, 
CO,  and  H2  (Ref.  46,104).  Much  work  remains  to  be  done  on  HMX  propellant  flames,  with 
one  useful  goal  being  the  selection  of  several  "standard"  propellants  so  that  the  data  from 
various  researchers  could  be  combined  and  correlated.  This  is  one  reason  that  propellant 
HMX2  was  selected  for  study  (similar  to  Kubota's  propellant  HTPS  (Ref.  22)),  even  though 
the  stoichiometry  of  this  propellant  is  more  fuel  rich  than  HMX  propellants  of  current 
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propulsion  interest.  Propellant  HMX1  is  a  more  typical  "energetic  binder”/HMX  propellant 
and  would  typically  be  modeled  by  assuming  that  the  chemistry  of  the  gas  phase  chemistry  of 
the  HMX  and  energetic  binder  are  separate  and  then  superimposing  the  heat  transfer  from  both 
flames  to  calculate  a  bum  rate  (Ref.  55).  This  may  not  be  accurate  for  propellant  HMX1  since 
the  heat  of  explosion  of  the  binder  is  so  low  (by  my  calculations,  the  heats  of  explosion  are 
1352,  1183,  780,  1037,  and  187  cal/gm  for  HMX,  TMETN,  propellants  HMX2  and  HMX1, 
and  the  HMX1  binder  {63%  TMETN,  37%  PGA),  respectively).  In  this  case,  the  binder  may 
act  more  as  a  diluent  to  the  HMX  flame,  rather  than  as  a  semi-independent  flame. 

Experimental  data  and  modeling  are  close  to  being  able  to  produce  comparable  data. 
This  comparison  is  the  only  way  to  validate  the  predictions  of  the  detailed  kinetic  modeling,  as 
has  been  shown  in  hydrocarbon  combustion  situations  (Ref.  105).  One  interesting  comparison 
can  be  made  between  the  0.8  MPa  predictions  of  Hatch  of  the  CN  distribution  in  an  HMX 
flame  (Ref.  94),  and  the  experimental  data  obtained  at  AFAL  in  an  73%  HMX  propellant  flame 
(Section  5.2).  Hatch  predicts  that  the  CN  distribution  should  "stand-off'  the  surface  -100  pm, 
with  the  CN  distribution  extending  from  100  to  400  pm  above  the  surface.  In  the  propellant 
flame,  the  experimental  data  shows  a  more  extended  CN  zone,  with  a  thickness  of  about  500 
pm.  This  extension  of  the  reaction  zone  may  be  an  aspect  of  the  "cooling"  of  the  propellant 
flame  because  of  the  presence  of  the  less  energetic  binder,  although  this  is  only  a  preliminary 
explanation.  Much  more  work  is  needed,  both  in  extending  the  modeling  to  propellants  (HMX 
+  binders)  and  in  obtaining  better  experimental  data  in  flames  of  HMX  and  HMX  propellants. 

Other  relevant  experiments  have  been  performed  on  HMX  and  HMX  propellants  under 
non-combustion  conditions.  Pyrolysis/decomposition  experiments  experiments  have  been 
performed  many  times  on  HMX  (Ref.  27-29,106),  with  the  higher  heating  rate  experiments 
demonstrating  the  presence  of  HCN  and  NO2  in  the  products.  Model  compound  experiments, 
such  as  those  involving  dimethyl  nitramine  (Ref.  86),  have  been  used  to  bridge  the  gap 
between  HMX  decomposition  studies  and  model  flame  studies. 

AP  COMPOSITE  PROPELLANTS 

In  contrast  to  homogeneous  and  (perhaps)  HMX  propellants,  AP-based  propellants  can 
not  be  modeled  as  one-dimensional  flames.  At  pressures  above  approximately  0.5  MPa,  the 
diffusion  of  gaseous  reactants  together  becomes  slower  than  the  reaction  kinetics  and  diffusion 
flames  are  formed  between  the  AP  decomposition  products  and  the  binder  decomposition 
products  (Ref.  2,107-112).  This  is  illustrated  in  Fig.  1.1  (Ref.  113).  Thus  it  is  inappropriate 
to  scale  down  the  pressure  to  extend  the  flame  zones  as  is  commonly  done  in  experimental 
studies  of  premixed  flames  because  the  chemistry  in  diffusion  flames  can  be  quite  different 
from  the  chemistry  in  premixed  flames  (Ref.  46,114).  Current  AP  propellant  combustion 
models  model  the  gas  phase  as  consisting  of  diffusion  flames  above  the  various  oxidizer/binder 
surfaces  and  use  various  types  of  averaging  to  obtain  a  bum  rate  for  various  oxidizer  particle 
size  distributions  (Ref.  96,107,109,115).  The  AP  monopropellant  flame  is  modeled  as  a 
premixed  flame.  A  "final  flame"  is  also  present  where  the  slowest  reactions  (NO— >N2  and 
CO—tCOj)  are  completed.  Thus,  the  gas  phase  above  an  AP-based  solid  propellant  is  very 
heterogeneous.  At  a  given  point  above  the  surface,  the  gas  phase  is  also  time  varying  as 
oxidizer  particles  are  exposed,  bum,  and  are  consumed  (Ref.  110).  In  addition,  the  AP  and 
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binder  are  thought  to  have  different  surface  temperatures  (Ref.  96).  Detailed  chemical  kinetic 
modeling  of  two-dimensional  flames  is  possible,  although  the  computer  time  required  is  several 
orders  of  magnitude  larger  than  that  for  one-dimensional  flames.  An  interesting  example,  and 
one  that  has  direct  applications  to  the  physical  situation  encountered  in  solid  propellants,  is  a 
recent  analysis  of  the  chemical  kinetics  of  a  N2H4/NO2  diffusion  flame  in  a  Burke-Schumann 
burner  (Ref.  1 16).  This  type  of  Burke-Schumann  burner  is  a  burner  consisting  of  concentric 
tubes  through  which  oxidizer  and  fuel  flow.  This  is  similar  to  the  situation  one  encounters  in 
an  AP  propellant  if  one  considers  an  AP  particle  surrounded  by  an  annulus  of  fuel  forming  a 
"burner".  This  concept  is  frequently  used  in  AP  propellant  modeling  (Ref.  107).  Convergence 
of  the  two-dimensional  model  required  over  30  processor  hours  on  an  FPS  processor,  while 
typical  one-dimensional  flame  situations  converge  in  less  than  30  minutes.  This  situation  may 
improve  as  the  two-dimensional  models  are  improved.  Thus,  using  a  detailed  kinetic  model  to 
predict  the  flame  chemistry  of  an  AP/binder  diffusion  flame  as  a  function  of  time  as  the  AP 
particle  bums  is  pressing  the  limits  of  current  combustion  modeling,  even  if  one  neglects  the 
time  dependence  of  the  structure  and  stoichiometry  of  the  AP/binder  "burner".  Often,  detailed 
modeling  is  too  expensive  and/or  time-consuming  to  be  applied  to  "practical"  combustion 
situations,  thus  there  is  interest  in  applying  mathematically  appropriate  subsets  of  these  detailed 
mechanisms  to  more  complicated  situations  (Ref.  1 17,1 18).  Whether  this  will  allow  more  than 
the  2  or  3  global  reactions  in  current  AP  propellant  combustion  models  remains  to  be  seen.  In 
any  case,  a  better  knowledge  of  the  chemistry  is  needed  to  guide  the  necessary  simplifications 
to  avoid  elimination  of  important  parts  of  the  chemistry.  This  is  especially  important  for  the 
binders,  where  small  changes  in  chemistry,  such  as  changes  in  the  curative,  can  have  large 
effects  on  the  combustion  of  the  propellant  (see  discussion  below).  Thus,  it  will  probably  not 
be  good  enough  to  assume  the  binder  decomposes  into  monomer  type  fragments  (such  as 
butadiene,  for  which  the  combustion  mechanism  is  known  (Ref.  1 19))  without  taking  the  (as 
yet  unknown)  detailed  chemistry  of  the  polymer  breakup  into  account.  The  detailed  kinetics  of 
the  AP  monopropellant  flame  have  been  modeled  (Ref.  120,204). 

Obviously,  then,  this  type  of  flame  is  a  more  difficult  diagnostic  subject  than  a 
propellant  flame  that  is  effectively  one-dimensional.  The  difficulty  of  experimental 
measurements  of  flame  details  in  these  flames  has  long  been  recognized  (Ref.  121,208,209). 
Although  laser-diagnostic  probes  can  resolve  time  varying  processes  with  time  scales  on  the 
order  of  tens  of  ns  and  distance  scales  on  the  order  of  tens  of  Jim,  it  is  very  difficult  to  relate 
this  information  to  the  precise  configuration  of  the  propellant  surface  which  created  this  flame. 
Perhaps  the  best  way  to  resolve  this  difficulty  is  to  create  artificial  situations  with  a  known  and 
controllable  propellant  flame  structure,  such  as  "sandwich"  propellants  (Ref.  111).  Diagnostic 
probes  of  such  a  propellant  flame  could  then  be  linked  back  to  the  surface.  An  alternative 
would  be  to  collect  species  and/or  temperature  data  at  a  fixed  point  in  the  flame,  collecting  data 
as  a  function  of  time  and  building  histograms  of  flame  properties  such  as  species 
concentrations.  The  histograms  would  then  have  to  be  linked  to  possible  surface 
configurations  below  the  data  collection  point. 

Model  flame  studies  are  another  method  of  enhancing  the  understanding  of  propellant 
chemistry  without  having  to  deal  with  the  difficulties  of  the  actual  propellant.  At  the  pressures 
of  interest  to  the  rocket  community  (~7  MPa),  the  "primary  diffusion  flame"  between  the  the 
AP  and  the  binder  is  the  controlling  flame.  The  AP  is  oxidizer  rich,  generating  more  oxidizing 
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species  (HCIO4,  Cl,  CI2,  CIO,  CIO2,  OH,  etc.)  than  fuel  species  (NH3)  (Ref.  122).  For  this 
reason,  many  studies  have  been  carried  out  of  model  flames  of  fuels  and  either  HCIO4  or  CIO2 
(Ref.  123-135).  In  general,  these  studies  found  that  C10x-oxidized  flames  are  very  fast,  with 
hydrocarbons  being  oxidized  much  faster  than  NH3.  Thus,  it  seems  reasonable  to  expect  that 
the  active  oxidizers  in  the  AP  propellant  diffusion  flame  might  be  C10x  species,  although  the 
structure  of  diffusion  flames  is  much  different  from  that  of  premixed  flames  (Ref.  46,104).  In 
a  hydrocarbon/oxygen  diffusion  flame,  the  fuel  and  the  oxidizer  do  not  encounter  each  other 
directly.  The  fuel  is  pyrolyzed  in  the  absence  of  the  oxidizer  as  it  approaches  the  hot  reaction 
zone  of  the  flame,  forming  carbon-rich  species  and  hydrogen.  The  fast-diffusing  hydrogen  is 
the  only  fuel  component  that  encounters  the  original  oxidizer.  The  carbon  species  are 
consumed  by  reactions  with  radicals  such  as  OH.  The  pyrolysis  of  the  fuel  in  the  absence  of 
the  oxidizer  is  a  key  difference  between  diffusion  and  premixed  flames.  This  general  picture  of 
diffusion  flames  (Ref.  104)  has  been  confirmed  by  detailed  species  measurements  in  diffusion 
flames  (Ref.  114).  Thus,  flames  such  as  CIO2/C2H2  (Ref.  132)  and  HCIO4/C2H4  (Ref.  129) 
may  be  appropriate  models  for  AP  propellant  diffusion  flames  since  C2H2  and  C2H4  are 
produced  in  large  quantities  during  the  pyrolysis  of  binder-like  polymers  (Ref.  136,206,207). 
CH4  is  not  a  good  analog  of  a  propellant  binder  pyrolysis  product  since  an  H/C  ratio  of  4  is 
unrealistically  high.  The  study  of  an  appropriate  diffusion  flame  (such  as  CIO2/C2H2)  would 
undoubtedly  lead  to  useful  new  chemical  information  of  propellant  relevance.  Similarly,  AN 
propellants  would  have  analogous  flames,  with  the  active  oxidizer  in  the  AN  flame  being 
HN03  (Ref-  137). 

Many  experimental  studies  have  been  made  of  AP  propellant  flames.  A  review  of  early 
work  has  been  published  (Ref.  121).  Some  advances  have  been  made  since  that  time  because 
of  improved  equipment,  but  the  AP  propellant  flame  remains  an  difficult  subject  of  study.  A 
few  interesting  studies  will  be  mentioned.  Mass  spectrometric  measurements  in.AP 
(monopropellant)  decomposition  flames  have  beeu  reported  (Ref.  72)  (preheated  AP, 
subatmospheric  pressure),  leading  to  a  detailed  kinetic  study  of  the  monopropellant  flame 
kinetics  (Ref.  120).  Laser-pyrolysis  was  used  to  induce  combustion  in  another  low  pressure 
study  of  composite  propellant  flames  (Ref.  42).  In  general,  low  pressure  experiments  have 
been  sought  because  of  the  expansion  of  the  liame  zones,  although  the  premixed  nature  of  low 
pressure  flames  may  have  limited  relevance  to  the  diffusion  flame  controlled  environment  of  the 
composite  propellant  flames.  This  remark  doesn't  apply  to  the  monopropellant  flame,  of 
course.  Higher  pressure  species-specific  measurements  of  various  types,  such  as  emission 
spectroscopy  (see  below  and  Section  4.3),  have  generally  been  unsuccessful.  Thermocouple 
measurements  have  been  performed  (Ref.  45,121),  although  the  interpretation  of  the 
temperature  profiles  is  difficult  because  of  the  heterogeneous  nature  of  the  propellant  flame. 

At  AFAL,  species  profiles  have  been  obtained  in  AP  propellant  flames  in  emission  and 
LIF  at  pressures  from  1  atm  (N2)  to  1.8  MPa  (250  psia)  (see  Section  4.3  and  Section  5.2). 
Most  of  the  common  radicals,  such  as  CN  and  NH  rapidly  disappeared  as  the  pressure  was 
raised  above  1  atm.  The  exception  was  OH,  which  was  visible  at  pressures  up  to  7  MPa.  At  1 
atm,  the  distribution  of  CN  extended  from  the  propellant  surface  to  -  500  |im  (see  Fig.  5.2.9). 
This  is  a  larger  reaction  zone  than  would  be  expected  from  models  of  premixed  flame  sheets 
used  in  AP  propellant  combustion  models.  For  example,  from  (Ref  1 15),  xf=m/kP^,  where 
m=mass  burning  rate  (0.46  g/cm2-s  for  API  propellant  at  1  atm),  k=30  g/cm2-s-atm1  5, 
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P=pressure  (atm),  5=1.5;  thus  xf~150  pm  at  1  atm  (xf=x*PF  in  (Ref.  1 15)).  However,  since 
the  "reaction  zone"  (defined  by  the  presence  of  CN)  of  the  premixed  AP-fuel  flame  at  1  atm 
appears  to  be  more  of  a  distributed  reaction  zone,  a  flame  sheet  analysis  should  only  be 
approximately  correct  anyway.  Another  complicating  factor  is  that  AP  propellants  have  to  be 
multi-modal  (several  particle  sizes)  since  monomodal  propellants  have  very  fuel-rich 
stoichiometries  (see  Fig.  3.3.7,  noting  that  the  maximum  monomodal  AP  loading  assuming 
spheres  is  67  vol%  AP  or  -76  wt%  AP).  For  a  multi-modal  propellant  at  pressures  near  1  atm, 
it  is  likely  that  the  flames  above  small  AP  particles  are  premixed  and  the  flames  above  the  larger 
particles  are  diffusion  flames.  This  complicates  any  flame  analysis.  At  higher  pressures,  the 
influence  of  the  premixed  AP/fuel  flames  would  be  negligible,  but  the  AP  monopropellant 
(premixed)  flame  would  start  to  become  more  important  at  pressures  above  about  100  atm.  In 
the  intermediate  regime  where  the  diffusion  flames  control  the  combustion,  particle  size  and 
binder  effects  are  large. 

Some  of  the  most  thorough  studies  of  the  influence  of  particle  size  and  binder  type  on 
AP  propellant  combustion  behavior  are  those  of  Miller  et  al  (Ref.  138,139).  The  stoichiometry 
(and  therefore  the  shape  and  temperature)  of  the  diffusion  flames  above  the  various  particles  are 
thought  to  be  strongly  particle  size  dependent  (Ref.  96,140),  so  if  a  diagnostic  probe  could 
study  a  given  point  in  an  AP-composite  propellant  flame  with  a  resolution  sufficient  to  resolve 
particle-related  processes  (the  histogram  approach  previously  mentioned),  large  changes  in 
flame  chemistry  should  be  seen.  For  example,  small  AP  particles  bum  fuel  rich  and  large 
particles  bum  fuel  lean.  Using  the  equations  of  Beckstead  (Ref.  96),  the  burning  stoichiometry 
of  a  given  particle  in  an  AP/HTPB  propellant  can  be  calculated.  For  example,  the  fuel/AP 
weight  ratio  (<X(j/aoxj  in  (Ref.  96))  ranges  from  0.0074  for  a  400  pm  particle  to  0.296  for  a 
10  pm  particle  in  an  87%  AP(44%  400  pm,  43%  10  pm  AP)/HTPB  propellant.  For 
comparison,  the  stoichiometric  ratios  are  0. 1 1  (assuming  CO2  as  the  C-containing  product)  and 
0.2  (assuming  CO  as  the  product).  Again,  this  shows  that  the  small  particles  bum  fuel-rich 
and  large  particles  bum  fuel-lean.  The  equilibrium  OH  mole  fractions  and  flame  temperature 
above  these  particles  would  be  0.0002/1583  K  (400  pm)  and  <0.000005/1370  K  (10  pm)  at 
18  atm  (using  the  thermochemical  equilibrium  program  discussd  in  Section  3.3).  By 
comparison,  the  mole  fraction  OH/flame  temperature  in  the  stoichiometric  (11%  fuel)  flame  is 
0.022/2955  K.  The  numbers  used  in  this  calculation  are  those  listed  in  Table  3.3.3  for  AP  and 
polybutadiene.  Different  numbers  for  the  fuel  would  change  the  answers  slightly,  but  the  trend 
would  be  the  same.  This  was  an  extreme  example,  but  the  impact  of  the  particle  size  on  the 
flame  stoichiometry  is  clear.  A  diagnostic  probe  such  as  OH  LIF  should  be  able  to  see 
chemistry  differences  on  this  scale  (note  that  the  equilibrium  OH  concentration  may  have  little 
relevance  to  the  actual  OH  concentration  in  the  flame).  A  problem  comes  about  in  the  random 
distribution  of  particles  in  the  propellant.  It  is  possible  that  a  diagnostic  probe  in  a  wide- 
distribution  (e.g.,  400/10  pm)  propellant  flame  at  a  given  point  above  the  surface  would  be 
able  to  resolve  stoichiometry  differences  even  though  statistically  the  probe  volume  would  be  at 
random  points  above  any  given  large  particle.  The  biggest  problem  would  be  the  resolution 
required.  The  diffusion  flames  above  the  AP/fuel  interface  are  typically  modeled  as  being  very 
small,  on  the  order  of  10's  of  pm  or  less  (Ref.  140,141),  so  it  is  not  known  whether  or  not  the 
stoichiometry  differences  will  persist  over  a  scale  large  enough  to  collect  diagnostic  data. 
Probably  only  laser-based  diagnostics  have  any  chance  of  obtaining  any  information  on  these 
scales. 
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Another  interesting  observation  of  Miller  was  the  dramatic  effect  on  propellant  bum  rate 
of  the  curative  used  in  the  binder  (Ref.  138).  The  curative  was  only  present  in  small  amounts 
(~1  wt%),  but  changing  from  IPDI  to  DDI  (see  Appendix  6)  caused  bum  rate  changes  by  a 
factor  of  2-3.  The  reasons  for  this  change  are  not  clear,  but  may  be  related  to  the  larger  size 
and  thus  lower  vapor  pressure  or  larger  decomposition  fragment  size  of  the  DDI-cured  binders. 
In  any  case,  it  would  be  desirable  to  examine  the  influence  of  the  curative  change  on  the  flame 
structure  of  the  composite  propellant  flame.  This  will  be  difficult  because  of  the  small 
dimensions  of  the  diffusion  flames  and  the  lack  of  "convenient"  molecules  in  the  diffusion 
flames.  A  convenient  molecule  is  one  that  is  readily  accessible  to  a  diagnostic  probe  (such  as 
LIF  or  CARS)  and  one  that  is  characteristic  of  (and  limited  to)  the  diffusion  flame.  OH  is 
convenient  but  is  found  throughout  the  flame  (Section  5.1,  5.4).  CN  and  NH  would  be  limited 
to  the  diffusion  flame  but  are  not  present  in  the  diffusion  flame  (Section  4.3  and  5.2).  Perhaps 
the  best  candidate  is  a  small  hydrocarbon  such  as  C2H2  or  C2H4,  accessible  by  CARS. 
Whether  or  not  detectable  concentrations  of  these  species  are  present  in  the  diffusion  flames 
and  whether  or  not  sufficient  resolution  can  be  obtained  to  resolve  the  flame  structure  remains 
to  be  seen.  The  measurements  will  be  quite  difficult. 

METALIZED  COMPOSITE  PROPELLANTS 

The  addition  of  metals  (principally  aluminum)  to  solid  propellants  in  the  10-20  wt% 
range  is  often  desirable  energetically.  The  addition  of  these  metals  creates  several  unique 
combustion  problems  (Ref.  142,143,189).  Diagnostics  in  metalized  propellant  flames  are  quite 
difficult  because  of  the  high  luminosity  and  low  transparency  of  the  flames  at  typical  rocket 
motor  pressures.  However,  the  structure  of  metalized  propellant  flames  at  atmospheric 
pressure  under  ignition  conditions  has  been  successfully  studied  by  Parr  and  Parr  (Ref.  17). 
They  found  that  the  addition  of  metal  extended  the  flame  zone  of  an  HMX  propellant,  where 
the  flame  zone  is  defined  by  the  presence  of  CN  and  NH.  A  similar  extension  of  the  flame 
zone  was  seen  in  emission  experiments  in  propellant  "AP2"  (see  Table  3  and  Section  4.4).  At 
atmospheric  pressure,  the  CN  distribution  was  substantially  extended  compared  to  that  seen  in 
propellant  "API".  At  higher  pressures,  the  CN  disappeared  as  the  flame  structure  changed 
from  premixed  to  diffusion,  as  seen  in  propellant  API  (Sections  4.3,  5.2).  In  other 
experiments,  it  was  found  that  the  AP2  propellant  flame  was  essentially  opaque  at  pressures 
above  0.8  MPa,  making  laser  diagnostics  difficult  if  not  impossible.  It  may  be  possible  to  use 
emission  spectroscopy  to  study  propellant  flame  structures  at  elevated  pressures,  but  metalized 
propellants  will  remain  a  difficult  diagnostic  challenge.  Kinetic  data  for  proposed  metal 
reactions  in  propellant  flames  exists  (Ref.  144)  so  it  is  possible  to  construct  tentative  chemical 
mechanisms,  but  it  appears  that  improving  the  understanding  of  the  physics  of  metal 
combustion  (such  as  agglomeration  and  particle  break-up)  is  of  more  current  interest  to 
improve  the  combustion  behavior  of  metalized  propellants  (Ref.  142,143). 

In  summary,  then,  for  homogeneous  propellant  flames,  enough  is  known  about  the 
propellant  flame  chemistry  that  detailed  kinetic  models  have  been  constructed,  using  assumed 
initial  decomposition  products  of  the  nitrate  ester  ingredients.  The  main  limitation  of  this 
modeling  approach  is  the  lack  of  experimental  data  that  unambiguously  verify  that  these  are  the 
correct  species,  especially  for  the  polymeric  binders  in  XLDB  propellants.  These  experimental 
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measurements  are  difficult  because  of  the  small  dimensions  of  the  fizz  zone  and  the  amount  of 
soot/particulates  in  the  flame.  For  HMX  composite  propellants,  the  situation  is  similar:  one¬ 
dimensional  detailed  kinetic  modeling  is  possible,  limited  by  the  lack  of  knowledge  of  the  initial 
propellant  decomposition  products,  especially  for  the  binders.  Experimental  measurements  of 
flame  species  and  temperature  may  be  easier  for  the  HMX  propellants  because  of  the  presence 
of  radicals  such  as  CN  and  NH,  although  the  distance  scales  are  still  small,  if  not  smaller  than 
those  in  the  double-base  type  flames.  For  AP  propellants,  the  three-dimensional,  time- 
dependent  nature  of  the  combustion  process  makes  detailed  modeling  quite  difficult.  Even  if 
this  detailed  modeling  is  possible,  the  computer  time  required  appears  to  be  too  great  to  allow 
detailed  kinetics  to  be  incorporated  into  bum  rate-type  models  for  day-to-day  use.  However, 
detailed  modeling  would  allow  an  informed  decision  to  be  made  about  the  simplifications  to  the 
chemistry  portion  of  the  AP  propellant  combustion  models  that  would  retain  the  important 
features  of  the  chemistry.  Experimental  measurements  of  flame  species  are  complicated  by  the 
pressure  dependence  of  the  flame  structure  and  the  lack  of  diagnostically-accessible  species  in 
the  high  pressure  diffusion  flames.  In  metalized  propellants,  measurements  are  even  more 
difficult  because  of  the  presence  of  the  metal  in  the  flame.  However,  the  lack  of  knowledge 
about  the  physical  processes  of  aluminum  combustion,  such  as  agglomeration,  are  probably 
more  limiting  to  combustion  modelers  than  the  lack  of  detailed  aluminum  combustion  kinetic 
mechanisms. 


TABLE  1.  Summary  of  diagnostic  measurements  performed  on  propellants  under 
combustion  conditions 


Species/ 

temperature 

Propellant 
of  interest 

Diagnostic  method 
(Ref.) 

Propellant  comb,  application 
reference 

OH,CN,NH,NO 

all 

LIF (16) 

4,17 

OH,CN,CH,NH 

all 

emission 

2,31-38 

HCN 

HMX 

CARS  (16) 

18 

ch2o,no2 

all 

LIF 

17? 

stable 

all 

mass  spectrometry 

39-42,23,22 

T 

all 

thermocouples  (43) 

22,23,44,45 

T 

all 

Na  line  reversal  (46) 

37 

T 

all 

LIF  (47,48) 

17 

T 

all 

CARS  (16,49) 

18-21,50 

T 

all 

Raman  (16,51) 

4 

HCN,N02,etc. 

all 

IR  absorption 

27 

n/a 

all 

high  speed  film 

52 

n/a 

all 

quenched  surface 

52 

n/a 

HMX 

D-isotope  effect 

53 

\ 
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Figure  1.  AP  propellant  flame  structure  changes  as  a  function  of  pressure  and  panicle  size 
(Ref.  1131  Region  1:  premixed  gas  flame;  Region  2:  laminar  diffusion  flame; 
Region  3:  turbulent  diffusion  flame;  Region  4:  transition  (plateau)  region; 
Region  5:  AP  monopropellant  flame  controlling;  Region  6:  thermal  stress 
cracking  controlling.  Region  boundaries  strongly  composition  dependent. 
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2.0.  EQUIPMENT  AND  PROCEDURES 


2.1.  COMBUSTOR 

Several  solid  propellants  were  examined  in  this  study,  representing  the  major  solid 
propellant  families.  The  propellant  composition  and  other  details  are  listed  in  Section  3.  The 
propellant  flames  were  studied  by  burning  propellant  strands  in  a  nitrogen-purged,  high 
pressure  combustor  (Ref.  1).  This  combustor  is  illustrated  in  Fig.  2  and  is  a  variant  of  the 
standard  "window  bomb"  or  "strand  burner"  in  widespread  use  in  solid  propellant  combustion 
studies.  Optical  access  is  provided  by  four  3.8  cm  diameter,  2  cm  thick  sapphire  windows 
distributed  at  90  degree  intervals  around  the  combustor.  The  diagnostic  laser  beams  (and 
presumably  any  LIF  and  Raman  signals  generated)  were  attenuated  20%  in  passing  through 
one  of  the  windows.  For  laser-diagnostic  purposes,  a  means  to  keep  the  burning  propellant 
surface  at  a  constant  level  is  often  desirable.  This  is  accomplished  by  a  servo  mechanism 
which  elevates  the  surface  of  the  solid  propellant  as  it  bums  down,  thus  keeping  the  surface  at 
a  more-or-less  constant  level  relative  to  the  collection  volume  of  the  detection  systems  The 
servo  system  employs  a  200  mW  HeNe  laser  passing  across  the  propellant  surface,  with  a 
feedback-control  system  elevating  the  propellant  strand  to  keep  the  fraction  of  the  beam  blocked 
by  the  surface  constant  (Ref.  1).  In  general,  the  system  works  fairly  well  at  pressures  below  2 
MPa  (300  psia),  but  the  increases  in  flame  optical  thickness  and  propellant  bum  rate  that 
accompany  increases  in  pressure  cause  the  system  to  work  poorly  at  pressures  above 
approximately  2  MPa  (300  psia),  depending  on  the  propellant.  An  alternative  is  to  allow  the 
propellant  to  bum  down  through  the  collection  volume,  in  essence  collecting  sequential  data  at 
increasing  distances  above  the  propellant  surface.  All  experiments  were  run  under  nitrogen. 
The  propellant  was  burned  in  strands  of  about  3-4  cm  in  length  and  6  mm  in  diameter,  with  the 
sides  of  the  propellant  coated  with  a  thin  layer  of  a  fluorocarbon  grease  as  an  inhibitor. 
Depending  on  the  pressure,  these  strands  burned  from  1  to  20  seconds  The  short  bum  time  of 
the  strands  did  not  permit  spectral  scanning;  the  detection  systems  were  based  on  the  need  for 
rapid  data  collection.  A  premixed  flame  source  constructed  from  6  mm  tubing  could  be  placed 
in  the  combustor  in  place  of  the  strand  for  tuning  of  the  lasers  and  alignment  of  the  detection 
systems.  Although  this  flame  is  not  suitable  for  flame  studies  (where  a  flat  flame  is  desired), 
the  structure  of  the  flames  of  various  gases  is  consistent  with  that  seen  in  flat  flames  (Ref. 
145,146).  For  example,  a  CH4/NO2  flame  should  two  "reaction  zones”,  while  a  CH4/N2O 
flame  showed  only  one.  For  most  of  the  reference  LIF  and  emission  spectra  shown  in  this 
report,  the  CH4/N2O  flame  was  used.  The  "reaction  zone"  in  a  flat  flame  corresponds  to  the 
"inner  cone"  of  the  conical  tubing  flame  used  in  this  research.  The  flame  was  usually  run  with 
a  N2O/CH4  (molar)  ratio  of  approximately  2. 
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Figure  2.  High  pressure  combustor. 
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2.2.  LASERS 


The  laser  used  in  the  initial  OH  LIF  experiments  (Section  5.1)  was  a  Quanta-Ray  DCR 
Nd:YAG  pulsed  laser  operated  at  10  Hz.  The  1.06  pm  fundamental  beam  passed  through  a 
second  harmonic  crystal  and  the  resulting  532  nm  beam  was  used  to  pump  a  Quanta-Ray  PDL- 
1  pulsed  dye  laser,  with  an  output  wavelength  of  approximately  610  nm  (Exciton 
Sulforhodamine  640  dye).  This  beam  was  frequency  doubled  down  into  the  UV  in  a  Quanta- 
Ray  WEX-1  wavelength  extender,  with  a  maximum  output  power  of  approximately  6  mJ/pulse 
in  the  UV  and  a  nominal  pulse  width  and  divergence  of  5  ns  and  0.5  mrad,  respectively.  The 
laser  was  tuned  from  306-309  nm  to  induce  fluorescence  in  the  OH  molecule  (0-0  vibrational 
band  transitions  in  A-X  electronic  band  transition). 

The  CN,  NH,  and  later  OH  LIF  experiments  were  performed  by  pumping  a  Lambda- 
Physik  FL  2002  dye  laser  with  308  nm  light  from  a  Lambda- Physik  EMG  201  MSC  excimer 
laser.  The  excimer  laser  pulse  energy  was  approximately  300  mJ/pulse  at  308  nm,  with  a 
maximum  repetition  rate  of  80  Hz,  a  pulse  duration  of  28  ns,  and  a  vertical  beam  divergence  of 
about  1  mrad.  The  dye  laser  was  operated  with  various  Lambdachrome  dyes,  with  a  nominal 
bandwidth  of  0.003  nm  and  a  nominal  divergence  of  0.5  mrad.  The  various  LIF  schemes  used 
in  these  propellant  investigations  are  summarized  in  Table  2.  The  Raman  scattering 
experiments  were  performed  with  the  308  nm  (actually  307.96  and  308.21  nm)  excimer  beam 
directly.  All  beams  were  focussed  into  the  propellant  flame  with  a  10  cm  focal  length  fused 
silica  lens.  The  resulting  focal  volume  diameter  was  approximately  50  pm  for  the  LIF 
experiments.  The  short  focal  length  lens  minimized  damage  to  the  sapphire  windows.  After 
passing  through  the  combustor  windows,  the  laser  beam  was  split,  with  a  small  portion  of  the 
beam  passing  onto  a  photomultiplier  tube  for  monitoring  both  pulse  energy  changes  and  the 
beam  transmission  through  the  combustor  and  propellant  flame.  The  majority  of  the  beam 
passed  onto  a  Laser  Precision  Rj-7200  energy  meter.  CN  LIF  has  been  generated  in  a  solid 
propellant  flame  with  a  CW  Ar+  laser  (Ref.  149),  but  a  pulsed  laser  was  chosen  for  this  work 
because  of  the  larger  peak  powers  obtainable  and  because  the  short  time  scale  of  the  pulse 
allows  effective  rejection  of  background  propellant  flame  emission  which  can  be  quite  intense 
(Section  4). 


Table  2.  LIF  excitation  schemes 


Species 

Excitation  waveleneth.nm 

Observation  wavelength,  nm 

Section 

OH 

306.4  (OH  0,0) 

310.6,  315.1  (OH  0,0) 

5.1 

CN 

421.5  (CN  0,1) 

388.3  (CN  0,0) 

5.2 

NH 

341-342  (NH  0,0) 

336.0  (NH  0,0) 

5.3 

NH 

305  (NH  1,0) 

336.0  (NH  0,0) 

5.3 

OH 

306.4  (OH  0,0) 

313.8  (OH  0,0) 

5.4 

OH,  NH,  CN,C2 

308  (excimer) 

various 

5.5 

\ 
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2.3.  DETECTORS  AND  ELECTRONICS 


The  LIF  and  Raman  signals  were  collected  at  90  degrees  from  the  laser  beam, 
collimated,  and  focussed  onto  a  spectrometer  entrance  slit  with  1:1  magnification  using  two  10 
cm  focal  length  fused  silica  lenses.  The  image  was  rotated  90  degrees  with  a  mirror  assembly 
such  that  the  vertical  spectrometer  entrance  slits  were  projected  horizontally  onto  the  propellant 
flame.  Two  detection  systems  (Fig.  3)  have  been  used  to  analyze  the  collected  spectral  signals. 
Each  system  has  its  strengths  and  weaknesses.  One  detection  system  used  a  photomultiplier 
tube  coupled  to  a  monochromator  to  collect  narrowband  information,  while  the  other  system 
employed  a  diode  array  detector  coupled  to  a  three- stage  spectrometer  to  collect  broadband 
spectral  information.  Both  of  these  systems  are  illustrated  in  Fig.  3.  The  optical  systems  were 
aligned  with  a  HeNe  laser. 

The  photomultiplier  tube  (PMT)  system  employed  a  RCA  C31034A  tube  attached  to  a 
Spex  1870  1/2  meter  monochromator  (1200  grooves/mm  grating).  The  collected  LIF  or 
Raman  signals  were  focussed  onto  the  slit  of  the  monochromator,  with  the  vertical  resolution 
of  the  system  in  the  flame  thus  being  the  entrance  slit  width  (typically  20-50  pm).  The  slit 
height,  and  thus  the  width  of  the  collection  volume  along  the  path  of  the  laser  beam,  was 
typically  2  mm.  It  was  usually  found  necessary  to  add  a  narrowband  (—10  nm  bandwidth) 
filter  to  aid  in  the  separation  of  the  LIF  or  Raman  signals  and  the  scattered  laser  light  in  the 
propellant  flames.  The  PMT  signal  was  processed  by  a  Stanford  Research  Systems  SR250 
gated  integrator.  An  additional  channel  was  used  to  collect  simultaneous  transmitted  laser 
power  readings,  as  illustrated  in  Fig.  3.  The  data  collection  was  controlled  by  a  Macintosh 
computer  through  a  Stanford  Research  Systems  SR245  computer  interface.  Post  processing 
was  accomplished  on  an  Apple  Macintosh  computer.  Propellant  experiments  were  usually 
performed  by  setting  the  spectrometer  on  the  desired  wavelength  and  monitoring  the  LIF  or 
Raman  signal  as  a  function  of  time  as  the  propellant  burned  down  through  the  collection 
volume,  thus  single-pulse  data  acquisition  and  high  laser  repetition  rates  were  desirable  to 
resolve  the  propellant  flame  structure  as  finely  as  possible.  This  system  has  several  difficulties 
in  operation  in  propellant  flames.  Heavily  particulate  laden  flames  cause  Mie  scattering  (or 
laser-modulated  particulate  incandescence  (Ref.  16)  or  rotational  Raman  (Ref.  150)) 
interference  with  the  LIF  or  Raman  signals  even  with  a  filter  in  the  optical  system.  These 
interferences  can  usually  be  differentiated  from  the  desired  signal  because  the  scattering  signals 
are  large-  probably  caused  by  (soot)  particles  passing  through  the  collection  volume  and  being 
struck  by  the  laser-  but  short-lived  (3-5  data  points  at  40-75  Hz).  The  LIF  signal  from  a  typical 
"reaction  zone"  species  such  as  CN  is  typically  10-50  data  points  at  pressures  below  3.5  MPa, 
so  the  spurious  signals  are  usually  discemable.  However,  at  higher  pressures  (>3.5  MPa),  the 
signals  are  short-lived  enough  that  the  scattering  "spikes"  are  similar  (see  results)  to  the  desired 
LIF  or  Raman  data.  Obviously,  the  lack  of  a  simultaneous  measurement  of  a  non-resonant 
wavelength  as  a  background  correction  is  a  real  limitation  in  this  type  of  system,  although 
separate  experiments  were  performed  with  either  the  laser  or  spectrometer  detuned  from 
resonance  to  assess  the  contribution  of  the  non-resonant  scattering  to  the  desired  LIF  signals. 
Additionally,  the  optical  thickness  of  the  propellant  flames  increases  dramatically  with  pressure 
(higher  soot  density?),  so  higher  pressure  measurements  are  doubly  difficult  (see  Section  5.1 
and  (Ref.  1)).  However,  for  several  propellants  with  relatively  non-sooting  flames,  fairly 
unambiguous  CN  LIF  signals  could  be  obtained  up  to  pressures  of  3.5  MPa  using  the  PMT 
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system.  For  very  sooty  propellants  such  as  AN1,  the  desired  signal  was  difficult  to  obtain 
under  most  circumstances  (see  Section  5.2). 

For  broadband  experiments,  detection  was  performed  with  an  EG&G/PAR  1420 
Reticon  diode  array  (700  elements)  attached  to  a  Spex  1877  Triplemate  spectrometer.  The 
Reticon  was  controlled  by  an  EG&G/PAR  OMA  II  1215/1218  detector  controller  and  data 
acquisition  system.  An  EG&G/PAR  1211  high  voltage  pulser  was  used  to  trigger  the  Reticon. 
The  Triplemate  is  a  triple  spectrometer  with  an  initial  "filter"  stage  which  allows  effective 
discrimination  between  the  desired  LIF  signal  and  the  scattered  laser  light  (see  Section  5.1). 
Three  turret-mounted  gratings  were  available,  with  the  highest  resolution  grating  being  a  2400 
gr/mm  grating  with  a  dispersion  of  0.0175  nm/pixel.  The  major  disadvantage  of  this  system  is 
that  the  Reticon  is  not  as  sensitive  as  the  photomultiplier  tube,  requiring  multiple-pulse 
accumulations  of  data  in  most  cases  with  the  accompanying  decrease  in  time  resolution.  The 
time  resolution  was  adequate  for  OH  LIF  experiments  in  solid  propellant  flames,  but 
inadequate  for  CN  LIF  experiments  (see  Sections  5.1  and  5.2).  The  Reticon  was  used 
extensively  in  studies  of  solid  propellant  flame  chemiluminescence,  where  accurate  background 
measurements  were  imperative  due  to  the  presence  of  a  strong  continuous  background  due  to 
CO+O  chemiluminescence  or  emitting  particles  (Section  4).  The  sensitivity  of  the  Reticon  is  a 
fairly  strong  function  of  wavelength,  as  shown  in  Fig.  4.  Note  that  this  wavelength  response 
makes  it  difficult  to  differentiate  between  CO+O  and  particle  (assumed  to  resemble  black-body) 
radiation.  A  composite  spectrum  that  includes  most  of  the  species  examined  in  this  report  is 
shown  in  Fig.  5. 

Photographs  of  the  experimental  setup  are  shown  in  Fig.  6  and  7.  The  high  pressure 
combustor  (8  window  version)  is  shown  in  Fig.  8.  The  calibration  flame  has  been  moved  out 
of  the  combustor  and  is  visible  in  the  top  of  the  figure.  A  picture  of  a  burning  strand  of  API 
propellant  is  shown  in  Fig.  9.  Note  that  the  propellant  is  translucent  and  the  light  from  the 
flame  makes  the  viewing  of  the  surface  difficult.  Experiments  with  OH  emission  indicated  that 
the  center  portion  of  the  flame  was  unaffected  by  the  purge  gas  at  distances  less  than  15-20  mm 
from  the  surface. 
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Figure  3 .  Schematic  of  experimental  apparatus . 
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3.0.  PROPELLANT  DATA 


3.1.  PROPELLANT  FORMULATIONS 

Most  of  the  propellants  used  in  this  research  were  produced  at  the  AFAL.  The 
formulations  are  given  in  Table  3.  The  formulations  have  been  left  general  to  avoid  any 
classification  problems. 


Table  3.  Propellant  Formulations. 


HMX1 

HMX  2 

API 

AP2 

AN1 

DB1 

DB2 

Ingredient,  wt  %  (approx) 
HMX  (200/20  pm) 

H 

80 

0 

0 

0 

0 

0 

polyester  binder 

El 

20 

0 

0 

0 

29 

27 

TMETN 

17 

0 

0 

0 

12 

0 

0 

NG 

0 

0 

0 

0 

0 

71 

67 

AP  (400/20/2  pm) 

0 

0 

87 

68 

0 

0 

6 

Polybutadiene  binder 

0 

0 

13 

16 

0 

0 

0 

AN 

0 

0 

0 

0 

16 

0 

0 

GAP  binder 

0 

0 

0 

0 

16 

0 

0 

Aluminum  powder 

0 

0 

0 

16 

0 

0 

0 

HMX=cyclotetramethylene  tetranitramine  C4HgN808)  TMETN=trimethylolethanetrinitrate 
C5H9O9N3,  NG=nitroglycerin  C3H5N3O9,  AP=ammonium  perchlorate  NH4CIO4. 
AN=ammonium  nitrate  NH4NO3,  GAP=glycidyl  azide  polymer.  The  "polyester"  binder  in  the 
DB  propellants  is  a  polyethylene  glycol-based  polymer  ("PEG"),  while  the  HMX  binder  is 
based  on  polydiethylene  glycol  adipate  ("PGA").  Empirical  formulas  for  these  binders  are 
given  in  Table  8. 


Table  4.  Propellant  Impurities. 


HMX1 

API 

AP2 

AN1 

DB1 

Impurity,  ppm 
Na 

100 

425 

37 

21 

Fe 

30 

na 

180 

na 

inti 

K 

10 

WO 

na 

na 

Ca 

20 

400 

na 

na 

■  l 

Cr 

1 

na 

na 

na 

na 
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3.2.  PROPELLANT  BURN  RATE  DATA 


Determination  of  propellant  bum  rate  is  not  a  major  objective  of  this  research;  however, 
to  convert  temporal  data  (collected  as  the  propellant  bums  down  through  the  diagnostic 
collection  volume)  to  spatial  data,  the  propellant  bum  rate  is  needed.  This  data  was  collected  in 
two  ways.  For  the  API  and  HMX1  propellants  in  experiments  where  the  surface  position  was 
controlled,  the  distance  the  propellant  was  elevated  and  the  time  elapsed  were  directly  measured 
by  the  control  system  timer  electronics.  The  time  and  distance  measurements  were  delayed 
from  ignition  for  a  fraction  of  a  second  to  avoid  ignition  transients.  The  total  time  the  distance 
and  time  were  measured  was  about  2.5  seconds.  The  timer  electronics  broke  down  irreparably 
partway  through  the  project  and  subsequently  the  bum  rate  was  calculated  by  measuring  the 
time  a  known  length  of  propellant  required  to  bum  completely  with  a  stopwatch.  This  method 
is  less  accurate  than  the  first  method  because  any  ignition  and  extinction  transients  were 
included  in  the  bum  rate  measurement.  Note  that  conditions  where  the  control  laser  was  unable 
to  penetrate  the  propellant  flame  (AP2  flames  above  about  0.5  MPa  and  API  flames  above 
about  1.5  MPa),  the  stopwatch  method  had  to  be  used. 

The  accumulated  data  for  propellants  HMX1,  API,  AP2,  DB1,  and  DB2  is  presented 
in  Fig.  5-17.  The  data  is  fairly  consistent,  except  for  the  double-base  propellants.  Other  bum 
rate  data  is  presented  in  Table  5.  It  would  be  more  rigorous  to  plot  the  data  as  log-log,  so  that 
the  data  could  be  Fitted  as  r=aPn  (see  Fig.  18  and  19),  but  the  data  scatter  is  high  so  I  don't 
want  to  encourage  that  this  data  be  used  to  calculate  any  pressure  exponents. 


Table  5.  Assorted  bum  rate  data. 


Propellant 

Pressure,  MPa 

Bum  rate  data,  mm/s 

HMX2 

3.5 

1.5 

1.8 

0.9 

0.8 

will  not  bum 

AN1 

1.8 

3.4 

0.8 

1.7 
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HMX1  burn  rate,  mm/s 


Figure  10.  HMX1  propellant  bum  rate  as  a  function  of  pressure.  English  uni 


Figure  11.  HMX1  propellant  bum  rate  as  a  funciion  of  pressure.  SI  units 
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AP2  burn  rate,  mm/s 


3 


API  bum  rate,  in/s  3  HMX1  burn  rate,  In/s 


18.  HMX1  propellant  bum  rate  as  a  function  of  pressui 


Figure  19.  API  propellant  bum  rate  as  a  function  of  pressure 
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3.3.  PROPELLANT  THEORETICAL  CALCULATIONS 

Several  theoretical  calculations  have  been  made  for  these  propellants.  The  adiabatic 
flame  temperature  and  equilibrium  products  at  the  equilibrium  flame  temperature  have  been 
calculated  using  the  NASA  thermochemical  code  and  an  in-house  AFAL  version  called  "ISP". 
These  results  are  summarized  in  Table  6.  The  calculations  require  the  elemental  composition, 
heat  of  formation,  and  density  of  the  various  propellant  ingredients  (Table  8). 


Table  6.  Theoretical  propellant  flame  properties  at  3.5  MPa. 


HMX1 

HMX2 

API 

AP2 

AN1 

DB1 

DB2 

Equil.  species,  mol  % 
CO 

34.5 

38.2 

11.1 

24.0 

16.0 

41.0 

38.7 

CCb 

4.7 

2.5 

11.6 

1.6 

6.5 

6.2 

6.9 

Cl 

0.0 

0.0 

1.3 

1.2 

0.0 

0.0 

0.0 

HC1 

0.0 

0.0 

17.7 

12.7 

0.0 

0.0 

1.1 

NO 

0.0 

0.0 

0.2 

0.0 

0.0 

0.0 

0.0 

n2 

24.0 

22.1 

9.5 

8.2 

25.5 

10.6 

10.8 

H 

0.3 

0.02 

0.6 

3.6 

0.03 

0.03 

0.07 

Ho 

19.3 

28.3 

5.4 

26.1 

17.1 

24.1 

21.5 

HoO 

17.1 

8.9 

40.8 

13.5 

34.8 

18.2 

21.0 

0 

0.0 

0.0 

0.1 

0.1 

0.0 

0.0 

0.0 

OH 

0.1 

0.0 

1.4 

0.8 

0.01 

0.0 

0.0 

Cb 

0.0 

0.0 

0.3 

0.0 

0.0 

0.0 

0.0 

Ab03 

0.0 

0.0 

0.0 

7.3 

0.0 

0.0 

0.0 

AICb+AlCl 

0.0 

0.0 

0.0 

0.7 

0.0 

0.0 

0.0 

Other 

0.0 

0.0 

0.0 

0.2 

0.1 

0.0 

0.0 

Flame  T  (adiabatic).  K 

2620 

2050 

2970 

3373 

2140 

2148 

2283 
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Adiabatic  fiame  T,  K  IOH],  mol  % 


Figure  22.  Theoretical  predictions  of  CH4/N0Q  fl 
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Figure  24.  Theoretical  predictions  of  AP/polvbutadiene  propellant  flame  properties  The  f,.ei  ic 

defined  as  C4H6 .oogOo  0345  (see  Table  8). 


Figure  25.  Correlation  between  adiabatic  flame  temperature  and  heat  of  explosion  calculations 
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The  "heat  of  explosion",  a  commonly  calculated  quantity  for  double-base  propellants, 
was  also  calculated  for  most  of  the  propellants,  with  the  results  listed  in  Table  7.  Hex  is 
usually  defined  as  the  "energy"  of  combustion  at  300  psia  (AE),  with  the  initial  state  being  the 
unbumed  propellant  at  25  C  and  the  final  state  being  the  products  at  STP.  AE  differs  from  the 
"heat"  of  combustion  by  a  (relatively  small)  term  describing  the  work  done  in  the  creation  of 
the  gas  (=AnRT).  At  STP,  the  products  usually  only  include  stable  molecules  such  as  H20(I), 
CO2,  CO  N2,  and  H2.  I  calculated  Hex  as  follows.  First,  a  stoichiometry  must  be  assumed, 
depending  upon  the  relative  ratio  of  the  fuel  components  (C  and  H,  where  nc=stoichiometric 
factor  for  C,  etc.)  and  the  oxidizing  components  (O).  Two  assumptions  are  made:  (1)  all  O  is 
first  distributed  to  CO,  then  to  H20,  then  to  C02,  and  (2)  all  N  is  distributed  only  to  N2.  Note 
that  assumption  2  is  often  violated  where  the  kinetics  dictate  that  the  final  N-containing  product 
is  NO,  such  as  in  low  pressure  flames  (Ref.  82)  and  in  the  fizz  zone  of  double-base  propellants 
((Ref.  23,29,210),  and  later  in  this  section).  These  rules  give  reasonable  results  as  discussed 
below. 

Oxygen  rich  combustion  (O2  found  in  products;  no>2nc+nh/2) 

^nc^nhOno^nn-4  (nc)C02  +  (nh/2)H20  +  (nn/2)N2  +  ((no-2nc-nh/2)/2)0> 
example:  C3H5O9N3  (NG)  -»  (3)C02  +  (5/2)H20  +  (3/2)N2  +  (0.25)O2 

Intermediate  case  (CO  and  C02  found,  H2  not  found;  nc+nh/2<no<2nc+nh/2) 

QtcHnhOnoNnn  (no-nh/2-nc)C02  +  (2nc+nh/2-no)CO  +  (nh/2)H20  +  (nn/2)N2 
example:  C4H808N8  (HMX)  -»  (0)CO2  +  (4)CO  +  (4)H20  +  (4)N2 

Fuel-rich  combustion  (CO,  H20  and  H2  found,  no  C02;  nc<no<nc+nh/2) 

Cnc^nhOno^nn  — » (nc)CO  +  (no-nc)H20  +  ((nh-2(no-nc))/2)H2  +  (nn/2)N2 
example:  C5H909N3  (TMETN)  ->  (5)CO  +  (4)H20  +  ( 1/2)H2  +  (3/2)N2 

Note  that  if  nocnc,  the  solid  carbon  (or  some  other  non-oxygenated  form  of  carbon)  must  be 
formed  as  a  product  in  addition  to  H2  and  N2.  Once  a  stoichiometry  is  defined,  then  Hex  is 
defined  as  the  AE  for  the  reaction,  where  AE=AHr  +  A(PV),  and  AHr=Hprod-Hrcac. 
A(PV)=(An)RT  where  T=298  K  and  An=npro(j-nreac,  where  nrcac=0  (solid  propellant).  The 
heats  of  formation  used  in  these  calculations  are  listed  in  Table  8. 

These  results  can  be  compared  to  literature  values,  as  shown  in  Table  9.  Note  that 
"hot"  (energetic)  double-base  propellants  (Ref.  29,44)  typically  have  Hex's  of  about  1100 
cal/gm.  DB1  and  DB2  propellants  are  thus  relatively  "cool"  and  thus  will  probably  have  quite 
different  flame  characteristics  (such  as  radical  concentrations)  from  more  energetic  double-base 
propellants.  Hotter  propellants  may  also  bum  more  cleanly  (see  Section  5.2),  but  this  remains 
to  be  seen.  Note  also  that  Hex  and  Tfl  are  related.  This  relationship  is  shown  in  Fig.  25.  NG 
(largest  Hex)  probably  falls  off  the  curve  because  02  is  found  in  the  products  and  thus  some  of 
the  oxygen  in  the  NG  "flame”  acts  as  a  diluent. 

Estimates  of  the  flame  temperature  in  the  fizz  zone  can  be  made  by  suppressing  the 
formation  of  various  species,  notably  N2  (Ref.  58,63).  However,  the  suppression  of  N2  leads 
to  the  formation  of  various  improbable  products,  as  shown  in  Table  10.  The  most  reasonable 
answers  need  to  allow  for  the  formation  of  some  type  of  (hydro)carbon  species  or  CxNy 
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compounds  will  continue  to  be  predicted.  The  calculations  in  Table  10  are  performed  for  a 
propellant  similar  to  DB1  (71%  NG,  29%  PEG). 


Table  7.  Hex  calculations  for  propellants/ingredients. 


Propellant/in  gradient 

Heat  of  explosion,  cal/gm 

Tfl,  K  (3.5  MPa) 

NG 

1608 

3217 

HMX 

1352 

3230 

TMETN 

1183 

2825 

HMX1 

1037 

2634 

HMX2 

780 

2050 

HMX1  binder  +  TMETN 

187 

1248 

DB1 

850 

2148 

DB2 

872 

2270 

Table  8.  Heat  of  formation  and  density  data  for  Hex  and  Tfj  calculations. 


Species 

Heat  of  formation  (kcal/mol)  (ref.):  p  (g/c 

Hi,  N2,  02 

0 

C02 

-94.05  (Ref.  147) 

CO 

-26.42  (Ref.  147) 

H2Od) 

-68.32  (Ref.  147) 

HC1 

-22.06  (Ref.  147) 

NG  (C3H5O9N3) 

-90.75  (Ref.  148);  1.6 

HMX  (C4H8N808) 

+17.92  (Ref.  148);  1.9 

TMETN  (C5H9N3O9) 

-105.8  (Ref.  148);  1.5 

DB  binder  (PEG)  (C4  5H9  j02  3) 

-99.87  (Ref.  148); 

HMX  binder  (PGA)  (C4 ,58H2 ,5002.34) 

-118.3  (Ref.  148); 

Nitrocellulose  (NC),  12.2%N  (C^fy  78N2  37O9  ms) 

-172.146  (Ref.  148);  1.65 

NC,  12.6%N  (C5H7  55N2  4509  90) 

-169.067  (Ref.  148);  1.65 

NC,  13.15%N  (QH7  365N2  mO  10.29) 

-164.789  (Ref.  148);  1.65 

NC,  13.45%N  (C6H7.26N2.74O10.48) 

-161.960  (Ref.  148);  1.65 

NC,  14.1%N(C6H7N3On) 

?? 

Diethyl  Phthalate  (DEP)  (Cj2Hi404) 

-180  (Ref.  148);  1.1 

2-nitrodiphenylamine  (2-NDPA)  (Ci2HiqN202) 

+  17  (Ref.  148);  1.4 

Triacetin  (TA)  (C9H1406) 

-317  (Ref.  148);  1.15 

Ammonium  perchlorate  (AP)  (NH4C104) 

-70.69  (Ref.  148);  1.95 

Polybutadiene  (QH^o^Oo^s) 

+0.152  (Ref.  148);  0.95 

Table  8  (cont).  Heat  of  formation  and  density  data  for  Hex  and  Tfl  calculations. 


Species 

Heat  of  formation  (kcalymof  ret  .);  0  (g/c 

Ammonium  nitrate  (AN)  (NH4NO3) 

-87.27  (Ref.  148);  1.7 

Glycidyl  azide  polymer  (GAP)  (C3H5N3O) 

+34  (Ref.  148);  1.3 

Isophorone  diisocyanate  (IPDI)  (C^HigS^O^ 

-88.8  (Ref.  148);  1.06 

Methane  (CH4) 

-17.69  (Ref.  147) 

Nitrogen  dioxide  (NO2) 

8.1  (Ref.  147) 

Nitrous  oxide  (N2O) 

19.50  (Ref.  147) 

Nitric  oxide  (NO) 

21.60  (Ref.  147) 

Table  9.  Comparison  of  calculated  and  literature  Hex  values. 


propellant/ingredient 

Hex,  this  rpt 

Hex,  lit  values 

references 

NG 

1608 

1510,1590,1770 

45,148,23 

NC  (12.2%N) 

892 

895 

148 

NC  (12.6%N) 

949 

942 

148 

NC  (13.15%N) 

1029 

1027 

148 

NC  (13.45%N) 

1068 

1063 

148 

NC  (fully  nitrated,  14.1%N) 

na 

968? 

45 

TMETN 

1183 

1236,1236 

148,45 

HMX 

1352 

1356 

148 

EC-5* 

658 

706 

36 

EC-1* 

1066 

1093 

36 

"propellant  2"* 

1297 

1449 

80 

AN 

628 

630 

30 

*EC-5=45.8%(wt)  NC  (12.2%N),  35%  NG,  17%  DEP,  2.2%  2-NDPA,  EC-1=53.0%  NC 
(12.2%  N),  40.5%  NG,  4.0%  DEP,  2.5%  2-NDPA,  "propellant  2"=43.5%  NC  (no  %N 
specified),  20.0%  NG,  36.3%  HMX,  0.2%  2-NDPA. 
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Table  10.  ISP  results  with  suppressed  product  species. 


Suppressed  species 

major  unusual  species 

Tfl,  K  (P,  atm) 

none 

2135  (70) 

No 

NH3 

2090  (70) 

N2,  NoO 

nh3 

2102  (70) 

No,.  NoO,  N3 

2142  (70) 

NH3,  No,  N3 

HCN 

1824(35) 

HCN,  NH3,  N2,  N3 

CHNO 

1713  (35) 

HCN,  NH3,  No,  N3,  CHNO 

C2N2 

1636  (35) 

above  +  C2N2 

H4N2 

1534  (35) 

HCN,  NH3,  N2,  NoO,  N3 

CHNO 

1850 (70) 

above  +  CHNO  +  NH2+  H2N2 

c2n2 

1814(70) 

above+CN2+C2N2+N2H4 

n2h4(1) 

1663  (70) 

above+C4N2+N2H4(l) 

ch4,cnn 

1155 (70) 

above+CH4+CNN 

C(s) 

1150  (70) 

above+C(s) 

c2H4 

873 (70) 

above+C2H4 

CN,CNO 

709  (70) 

above+NCO+CH3OH+C2N 

CN 

657  (70) 

above+CN  but  incl.  CH4 

1128 (70) 

above+CH4  but  incl.  C(s) 

1151  (70) 

same  as  above 

1112(35) 

same  as  above 

1075(18) 

same  as  above 

1033(8) 

same  as  above 

962(2) 

The  major  species  in  the  last  cases  are  (35  atm):  CO  (20%),  C02  (10.5%),  H2(31%). 
H20  (17%),  NO  (21.4%),  C(s)  (20.5%),  and  small  amounts  of  HN  (.006%)  and  HNO 
(0.02%).  The  prediction  of  large  amounts  of  solid  carbon  may  be  fairly  realistic-the  DB  flames 
seem  relatively  "sooty". 
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3.4.  PROPELLANT  CONTROL  INFORMATION  (Ref.  1) 


The  adequacy  of  the  propellant  surface  position  control  system  is  dependent  primarily 
on  two  aspects  of  the  propellant  combustion  behavior:  (1)  the  opacity  or  optical  thickness  of  the 
propellant  flame  and  (2)  the  propellant  bum  rate  (Ref.  1).  As  the  propellant  flame  becomes 
more  opaque,  the  control  system  has  more  trouble  distinguishing  the  flame  from  the  solid 
propellant  and,  consequently,  the  degree  of  control  over  the  surface  position  suffers.  This 
problem  is  exacerbated  by  higher  propellant  burning  rates  since  the  feedback-control  system 
has  a  harder  time  trying  to  correct  for  surface  position  over-  and  under-shoots.  This  section 
deals  primarily  with  the  optical  thickness  and  "controllability"  of  the  AP2,  HMX2,  AN1,  and 
DB1  propellants.  Information  on  API  and  HMX1  propellants  can  be  found  in  (Ref.  1). 

The  AP2  propellant  flame  was,  not  surprisingly,  the  most  opaque  propellant  flame  of 
the  propellants  listed  in  Table  3.  The  control  system  was  only  marginally  effective  at  0.8  MPa 
(100  psig),  and  the  flame  was  totally  opaque  (no  transmission  of  the  100  mW  control  laser)  at 
1.8  MPa  (250  psig).  The  AN1  propellant  flame  was  relatively  "sooty,”  with  a  flame  opacity 
that  exceeded  that  of  API  propellant  at  a  given  pressure.  The  HMX2  propellant  flame  was 
sootier  than  the  HMX1  propellant  flame  at  a  given  pressure,  which  is  perhaps  not  surprising 
since  the  HMX2  flame  is  proportionally  more  oxygen-poor  than  the  HMX1  flame  (Table  6). 
The  DB 1  and  DB2  propellant  flames  were  also  relatively  sooty  (on  the  order  of  HMX2), 
although  the  pressure  behavior  of  the  DB  flames  was  rather  different.  The  opacity  of  the  DB 
propellant  flames  was  a  minimum  at  about  1.8  MPa  (250  psig),  and  increased  both  as  the 
pressure  was  increased  and  decreased.  The  increase  in  "soot"  as  the  pressure  is  lowered  may 
be  a  sign  that  the  combustion  is  becoming  more  inefficient,  with  some  of  the  large  amount  of 
flame  NO  not  being  reduced  the  N2  and  thus  creating  a  lower  flame  temperature.  This  is 
speculation  at  this  point. 
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4.0.  EMISSION  SPECTROSCOPY  OF  FLAMES 


The  use  of  combustion  diagnostics  in  solid  propellant  flames  is  made  more  difficult  by 
the  complex  nature  of  the  flame.  For  example,  the  "flame"  above  an  ammonium  perchlorate 
(AP)-oxidized  propellant  is  actually  a  combination  of  multiple  flames:  the  oxidizer 
decomposition  (monopropellant)  flame,  the  primary  (oxidizer/binder)  flame,  the  energetic 
binder  flame  (if  any),  and  the  final  flame  (Ref  14).  The  relative  importance  of  these  flames 
depends  on  the  oxidizer  particle  size,  nature  of  binder,  and  pressure.  Low  pressure 
(atmospheric  and  below)  AP  propellant  flames  tend  to  resemble  a  premixed  flame,  with  little 
binder  or  particle  size  influence.  As  pressure  increases,  diffusion  is  retarded  and  reaction  rates 
are  enhanced,  leading  to  diffusion  flames  between  oxidizer  and  binder.  These  primary 
diffusion  flames  are  strongly  influenced  by  binder  type  and  oxidizer  particle  size.  At  much 
higher  pressures,  the  reaction  rates  have  been  accelerated  so  much  relative  to  diffusion  rates 
that  the  AP  monopropellant  flame  begins  to  control  the  propellant  bum  rate  (Ref.  113).  In 
contrast,  HMX  propellants  tend  to  have  less  interaction  between  HMX  decomposition  products 
and  binder,  primarily  because  HMX  is  not  oxidizer  rich.  Experimental  results  support  this 
observation.  For  example,  the  bum  rate  of  HMX  propellants  is  generally  only  weakly 
dependent  on  HMX  particle  size  (Ref.  14,151).  Addition  of  AP  to  HMX  propellants  was  seen 
to  change  the  flame  structure  dramatically  by  introducing  oxidizer/binder  diffusion  flames, 
while  the  reverse  was  not  true  (Ref.  152).  Thus,  the  flame  chemistry  in  solid  propellants  is 
more  complex  than  that  usually  seen  in  laboratory  gas  flames.  Ideally,  solid  propellant  flame 
diagnostics  must  be  able  to  temporally  and  spatially  resolve  chemistry  on  the  scale  of  oxidizer 
particle  sizes  and  bum  times,  since  the  flame  chemistry  (at  least  for  AP  composite  propellants) 
changes  at  a  given  point  above  the  surface  as  oxidizer  particles  are  uncovered  and  consumed. 
In  the  initial  stages  of  a  program  to  obtain  the  detailed  chemical  information  needed  for 
improved  solid  propellant  combustion  models,  we  have  studied  the  structure  of  several 
different  solid  propellant  flames  using  emission  spectroscopy  at  pressures  from  atmospheric  to 
7  MPa  (1000  psig). 

Emission  spectroscopy  of  solid  propellants  is  not  a  new  field  of  research.  Emission 
spectra  have  been  published  for  double-base  propellants  (Ref.  31,80,81)  and  several  different 
AP-based  composite  propellants  (Ref.  32-35,37).  In  general,  few  reactive  radical  species 
were  seen  in  emission  in  double-base  propellant  combustion  because  continuous  emission 
generally  filled  the  spectral  regions  of  interest,  especially  at  pressures  above  atmospheric. 
Similar  problems  with  continuous  emission  were  encountered  in  AP-based  composite 
propellants.  "Clean"  spectra  could  be  obtained  with  atmospheric  pressure  propellant  flames, 
showing  C2,  CH,  OH,  NH,  CN,  and  NO  (Y  system),  but  continuous  emission  rapidly  replaced 
or  obscured  the  emission  of  these  species  at  pressures  above  approximately  0.5  MPa  (70  psig) 
(Ref.  32,34).  The  strength  of  the  continuum  was  found  to  be  a  function  of  binder  type  and  AP 
particle  size.  This  continuum  is  generally  attributed  to  the  CO  f  O  recombination  (Ref.  33), 
although  the  spectral  distribution  found  in  shock  tube  studies  of  the  CO  +  O  reaction  is 
somewhat  different  than  that  seen  in  these  propellant  experiments  at  similar  temperatures  (Ref. 
153). 


It  must  be  emphasized  that  emission  is  not,  in  general,  correlated  with  the  overall 
concentration  of  the  species.  Emission  is  proportional  to  the  concentration  of  the  chemically 
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excited  state  of  the  species  (Ref.  159),  which  is  generally  a  small  fraction  of  the  overall  species 
concentration.  Thus,  the  species  distribution  shown  by  emission  would  generally  be  different 
than  that  shown  by  LIF,  which  measures  the  unexcited  (ground)  state  distribution.  Due  to  fast 
quenching  times,  the  excited  state  population  should  be  confined  to  the  region  of  the  flame 
where  it  was  formed.  Thus,  emission  spectroscopy  can  be  used  to  locate  reaction  zones, 
although  it  must  be  kept  in  mind  that  the  reactions  forming  the  excited  species  may  be  minor 
channels  in  the  overall  chemistry  of  the  species.  Several  previous  attempts  to  characterize  the 
structure  of  propellant  flames  used  emission  from  highly  reactive  radicals  such  as  CN  as  a 
characteristic  of  the  "primary  reaction  zone."  At  atmospheric  pressure,  the  spatial  extent  of  the 
primary  reaction  zone  was  apparently  quite  variable,  ranging  from  less  than  500  pm  to  2000 
pm  (Ref.  32,34,37).  These  reaction  zones  are  much  larger  than  the  primary  reaction  zones 
used  in  current  solid  propellant  combustion  models,  which  range  from  approximately  1-100 
pm  (Ref.  91-93,107,1 12,204).  It  must  be  noted  that  a  comparison  of  the  "flame  sheets"  used 
in  the  combustion  models  and  the  columnar  diffusion  flames  thought  to  be  present  in  the 
propellant  flame  is  inconsistent.  Also,  atmospheric  pressure  flames  may  have  an  appreciable 
premixed  character,  which  disappears  in  the  pressure  range  of  interest,  complicating  the 
interpretation  of  the  atmospheric  pressure  data. 

In  addition  to  flame  structure,  emission  spectroscopy  can  also  give  some  information 
about  flame  chemistry  by  a  comparison  of  the  propellant  flame  emission  and  the  emission  from 
known  flames.  The  combustion  chemistry  of  AP  and  HMX  propellants  has  been  the  subject  of 
many  studies,  although  most  chemical  detail  comes  from  experiments  at  conditions  far  different 
from  those  encountered  during  combustion  in  rocket  motors.  Ammonium  perchlorate  burning 
as  a  monopropellant  is  thought  to  dissociate  into  NH3  and  HCIO4  with  the  HCIO4  quickly 
decomposing  into  CIO,  OH,  and  O2.  The  ammonia  is  subsequently  oxidized  by  the  very 
reactive  CIO  and  OH  radicals  in  a  premixed  flame  (Ref.  122,123,131,154)  At  low  pressure,  a 
similar  premixed  flame  would  be  formed  with  binder  pyrolysis  products  as  the  fuel.  At  higher 
pressures,  the  AP/binder  flame  would  become  a  diffusion  flame.  Premixed  HCIO4/CH4  flames 
have  been  studied  at  low  pressures  (Ref.  123,154),  showing  OH,  CH,  and  C2  emission  and 
no  CIO  emission.  Premixed  NH3/O2  flames  have  also  been  examined,  showing  OH,  NH, 
NH2,  and  NO  +  O  emission  (Ref.  104).  However,  the  chemistry  (and  thus  the  emission)  from 
diffusion  flames  is  quite  different.  In  a  hydrocarbon/oxygen  diffusion  flame,  the  initially 
unmixed  fuel  and  oxidizer  are  separated  by  combustion  products  (Ref.  46).  The  fuel  generally 
pyrolyzes  significantly  before  it  has  diffused  into  the  reaction  zone,  with  C  and  H2  from  this 
pyrolysis  reacting  with  the  oxidizer  in  the  reaction  zone.  This  type  of  flame  does  not  show  the 
CH  and  C2  emission  from  the  reaction  zone  seen  in  premixed  hydrocarbon/oxygen  flames. 
Thus,  the  obscuration  of  the  molecular  emission  discussed  in  the  preceding  paragraph  may  be 
due  to  the  transition  from  a  low  pressure  premixed  propellant  flame  to  a  higher  pressure 
diffusion-controlled  flame.  It  is  apparent  that  the  relevance  of  premixed  flame  data  to  propellant 
flames  controlled  by  diffusion  is  tenuous. 

The  HMX  flame  is  thought  to  occur  as  a  breakup  of  the  cyclic  nitramine  molecule  into 
smaller  fragments  such  as  CH2O  and  HCN  (fuels)  and  N2O  and  NO2  (oxidizers),  with  these 
species  then  forming  a  premixed  flame  above  the  propellant  (Ref.  22,91-93,106).  The 
emission  from  premixed  flames  with  N2O  and  NO2  as  oxidizers  varies  dramatically  depending 
upon  the  fuel  (Ref.  46,104,145,146).  Flames  with  CH2O  as  the  fuel  show  OH,  NH,  and 
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NH2  emission,  but  no  C2.  CH,  or  CN  emission.  In  contrast,  hydrocarbon/NC>2  and  N2O 
flames  show  emission  from  OH,  C2,  CH,  CN,  NH,  and  NH2.  The  relative  intensity  of  the 
emission  is  a  strong  function  of  the  nature  of  the  hydrocarbon  and  the  mixture  ratio.  For 
example,  rich  flames  and  carbon-rich  fuels  generally  show  much  stronger  C2  emission  than 
lean  flames  of  hydrogen  rich  fuels  (e.g.,  CH4).  Thus,  the  flame  emission  can  give  some  clues 
to  the  chemical  processes  occurring  in  flames. 

4.1.  CH4/N2O  FLAME  EMISSION  SPECTRA 

A  flame  was  generally  used  in  this  research  as  a  calibration  flame  for  both  emission 
and  laser  diagnostic  measurements  of  propellant  flames.  The  flame  was  used  to  tune  the  dye 
lasers  to  the  appropriate  lines  and  to  align  spectra  on  the  Reticon  detector.  For  this  reason  most 
of  the  experimental  propellant  spectra  have  their  counterparts  in  the  CH4/N2O  flame.  For  some 
of  the  early  OH  LIF  work,  a  CH4/O2  flame  was  used.  A  propane/air  torch  was  also  briefly 
studied.  In  Fig.  26  to  29,  emission  spectra  from  the  CN  (B2£-X2E)  molecule  are  presented. 
The  CN  molecule  will  be  described  in  the  propellant  flames  in  emission  (Sections  4. 3-4.5  and 
4.7)  and  in  laser-induced  fluorescence  (Section  5.2).  The  NH  emission  spectrum  from  the 
CH4/N2O  flame  is  shown  in  Fig.  30.  NH  was  studied  in  solid  propellant  flames  in  emission 
(Sections  4. 3-4.5  and  4.8)  and  in  LIF  (Section  5.3).  CH  (A2A-X2fl)  emission  could  be  seen 
in  the  CH4/N2O  flame  (Fig.  31),  but  could  only  be  seen  in  the  API  propellant  flame  (Section 
4.3).  CH  LEF  experiments  in  the  CH4/N2O  flame  were  unsuccessful,  perhaps  due  to  a  very 
low  CH  concentration  (demonstrating  again  that  emission  intensity  is  not  proportional  to 
concentration).  C2  emission  could  be  seen  in  the  CH4/N20  flame  (Fig.  32  and  33),  but  was 
not  observed  in  any  of  the  propellant  flames.  OH  emission  was  observed  in  the  CH4/N2O 
flame  (Fig.  34  and  35),  which  is  not  surprising  since  OH  is  observed  in  essentially  all  flames 
that  contain  H  and  O  (Ref.  104).  OH  emission  was  seen  in  the  API  and  HMX1  propellant 
flames  (Sections  4.3  and  4.5),  and  the  rotational  temperature  of  this  OH  emission  has  been 
analyzed  (Ref.  3).  OH  LIF  was  observed  in  many  of  the  propellant  flames,  although  low  laser 
power  created  signal  to  noise  problems  in  some  experiments  (Sections  5.1,  5.4,  and  5.5). 
Occasionally,  emission  band  sequences  overlap  to  the  extent  that  one  sequence  may  be 
affecting  the  other.  For  example,  Figure  36  shows  that  the  peak  heights  of  the  CN  0, 1  band 
sequence  may  be  affected  by  the  nearby  CH  emission,  thus  changing  the  vibrational  and 
rotational  temperatures  that  could  be  calculated  from  these  spectra  (see  Section  4.7).  The  CN 
0,0  band  also  interferes  with  CH  emission  (see  Section  4.2).  Emission  from  metals  and  other 
impurities  is  often  observed  in  propellant  flames  (see  Sections  4. 3-4.5),  so  the  identity  of  this 
emission  was  often  confirmed  by  volatilizing  the  suspected  impurity  in  the  CH4/N2O  flame  and 
comparing  spectra.  For  example,  the  emission  spectra  of  Cr  and  Ni  are  shown  in  Figure  37 
and  38.  These  metals  are  seen  in  the  propellant  flames  (see  Section  4.3  and  4.5),  as  are  Fe  and 
others,  and  often  interfere  with  the  analysis  of  propellant  emission  spectra.  For  example,  an 
uncontaminated  spectrum  from  the  inner  cone  of  a  CH4/N2O  flame  is  shown  in  Figure  39. 
Note  that  Ni  emission  could  easily  obscure  the  NH  and  OH  (0,1  band  sequence)  emission.  Fe 
emission  often  interferes  with  the  analysis  of  the  CN  0,0  band  sequence  (see  Section  4.5).  In 
the  propellant  flames,  emission  from  many  species  is  often  observed  and  must  be  expected. 
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Figure  26.  CN  (B2£-X2I1  emission  spectrum.  CH4/N2O  flame,  Reticon  detector,  700 
pixels,  0.0175  nm/pixel  dispersion,  500/200  pm  slits,  0.13  s  exp.  time. 


Figure  27.  CN  (B2S-X2£)  emission  spectrum.  CH4/N2O  flame,  Reticon  detector,  700 
pixels,  0.0175  nm/pixel  dispersion,  100/100  pm  slits,  0. 13  s  exp.  time. 
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Figure  29.  CN  (B2L-X2L'l  emission  spectrum.  CH4/N2O  flame,  Reticon  detector,  700 
pixels,  0.0175  nm/pixel  dispersion,  500/200  p.m  slits,  0.13  s  exp.  time. 


Figure  30.  NH  (A3n-X3£~)  emission  spectrum.  CH4/N2O  flame,  Reticon  detector,  700 
pixels,  0.035  nm/pixel  dispersion,  100/100  pm  slits,  0.59  s  exp.  time. 


Figure  31.  CH  (A2A-X2n)  emission  spectrum.  CH4/N2O  flame,  Reticon  detector,  700 
pixels,  0.0175  nm/pixel  dispersion,  500/200  pm  slits,  0.5  s  exp.  time. 
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Figure  32.  C2  (A3n-X3rP  emission  spectrum.  CH4/N2O  flame,  Reticon  detector,  700  pixels, 
0.0175  nm/pixel  dispersion,  500/200  |im  slits,  0.5  s  exp.  time,  peaks  identified  in  Figure  45. 
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Figure  33. 


amission 


jm.  CH4/N2O  flame,  Reticon  detector,  700  pixels. 


0.0175  nm/pixel  dispersion,  500/200  pm  slits,  0.5  s  exp.  time. 
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Figure  34.  OH  (A2£-X2IT)  emission  spectrum.  CH4/N2O  flame,  Reticon  detector,  700 
pixels,  0.0175  nm/pixel  dispersion,  500/200  p.m  slits,  0.2  s  exp.  time. 


Figure  35.  OH  (A2£-X21T)  emission  spectrum.  CH4/N2O  flame,  Reticon  detector.  700 
pixels,  0.0175  nm/pixel  dispersion,  500/200  (im  slits,  0.1  s  exp.  time. 


Figure  36.  Emission  spectrum  of  CN  (B2£-X2S)  and  CH  (A2A-X2IT).  Inner  cone  of 
CH4/N2O  flame,  Reticon  detector,  700  pixels,  0.035  nm/pixel  dispersion,  500/200  pm  slits, 

0.5  s  exp.  time. 


Figure  37.  Cr  emission  spectrum  (Nichrome  wire  vaporized  into  flame).  Outer  cone  of  CH4/N2O 
flame,  Reticon  detector,  700  pixels,  0.035  nm/pixel  dispersion,  500/200  pm  slits,  0.5  s  exp.  time. 
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Figure  38.  Ni  emission  spectrum  (Nichrome  wire  vaporized  into  flame).  CH4/N2O  flame, 
Reticon  detector,  700  pixels,  0.035  nm/pixel  dispersion,  500/200  pm  slits,  0.59  s  exp.  time. 


Figure  39.  Reference  emission  spectrum  for  Figure  37.  CH4/N2O  flame,  Reticon  detector. 
700  pixels,  0.035  nm/pixel  dispersion,  500/200  pm  slits,  0.59  s  exp.  time. 
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4.2.  PROPANE/AIR  FLAME  EMISSION  SPECTRA 


Emission  spectra  were  collected  from  a  propane/air  torch  for  several  reasons.  One,  the 
torch  offered  a  ready  means  of  observing  any  differences  from  the  standard  CH4/N2O  flame. 
One  of  the  most  interesting  observations  was  the  CH  B-X  system  (Fig.  42),  which  is  mostly 
obscured  by  CN  emission  in  the  CH4/N2O  flame.  The  influence  of  the  CN  0,1  system  on  the 
low  wavelength  end  of  the  CH  A-X  system  can  also  be  assessed  by  comparing  Fig  43  and 
Figure  28.  C2  emission  spectra  were  stronger  in  the  propane/air  torch  than  in  the  CH4/N2O 
flame,  as  can  be  seen  by  comparing  Figure  45  with  Figure  32.  OH  spectra  were  similar  in 
appearance  to  the  CH4/N2O  flame,  as  shown  by  Fig.  44  and  35. 


Figure  42.  CH  (B^E-X2IT)  emission  spectrum.  CjHg/air  flame,  Reticon  detector,  700  pixels, 
0.0175  nm/pixel  dispersion,  500/200  (im  slits,  1.17  s  exp.  time. 


Figure  43.  CH  (A2A-X2FD  emission  spectrum.  C3Hg/air  flame,  Reticon  detector,  700  pixels, 
0.0175  nm/pixel  dispersion,  500/200  (im  slits,  1.17  s  exp.  time. 


Figure  44.  OH  (A2X-X2U)  emission  spectrum.  CjHg/air  flame,  Reticon  detector,  700  pixels. 
0.0175  nm/pixel  dispersion,  500/200  |im  slits,  1.17  s  exp.  time. 
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Figure  45.  £2  (A3n-X3ID  emission  spectrum.  CjHg/air  flame,  Reticon  detector,  700  pixels, 
0.0175  nm/pixel  dispersion,  500/200  pm  slits,  1.17  s  exp.  time. 


4.3.  API  PROPELLANT  EMISSION  STUDIES 

A  survey  of  the  emission  from  both  AP  and  HMX  propellants  in  the  wavelength  range 
280-700  nm  was  performed  in  this  study.  The  important  variables  investigated  were  pressure 
and  height  of  collection  volume  above  surface.  This  height  ("h")  is  defined  as  the  height  of  the 
center  of  the  200-1000  pm  thick  collection  volume  above  the  surface.  Thus,  a  height  defined 
as  h=1000  pm  with  a  resolution  of  500  pm  means  that  the  chemiluminescent  emission  was 
collected  from  a  region  from  approximately  750-1250  pm  above  the  surface.  The  vertical 
resolution  is  these  experiments  is  roughly  the  spectrometer  entrance  slit  width  (the  first  number 
in  the  figure  caption),  although  this  is  a  lower  bound  to  the  vertical  thickness  of  the  collection 
volume  since  the  emission  is  being  collected  (integrated)  over  a  horizontal  slice  of  the  flame. 

The  strength  and  character  of  the  emission  from  the  AP  propellant  varied  strongly  with 
pressure.  At  all  pressures,  the  emission  originated  mainly  from  the  trace  impurities  in  the 
propellants  (Na,  K,  Ca),  combinations  of  the  impurities  with  flame  species  (CaCl,  CaOH).  and 
OH  emission.  A  continuum  was  also  present  in  the  wavelength  range  330-550  nm,  increasing 
rapidly  in  intensity  as  pressure  increased.  Only  at  the  lowest  pressures  investigated  could 
emission  from  CN,  NH,  and  CH  be  detected.  This  emission  was  rapidly  replaced  by  the 
continuum  as  the  pressure  increased  above  atmospheric,  with  the  continuum  totally  replacing 
the  molecular  emission  at  pressures  above  0.5  MPa.  These  results  are  similar  to  those 
discussed  in  the  introduction,  and  are  summarized  in  Table  1 1  and  Figures  46  to  54.  At  0.1 
MPa  (10  psig),  the  ratio  of  the  highest  peaks  in  the  emission  spectra  of  the  important  radicals 
was  CN/OH/NH/CH=7/6/5/l.  No  emission  was  detected.  Because  of  the  photoelectric  (as 
opposed  to  photographic)  detection  system  and  higher  resolution  spectrometer  used  in  this 
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research,  the  spectra  (notably  OH,  NH,  and  CH)  are  more  highly  resolved  than  those 
previously  published  (Ref.  31-35,37,80,81).  However,  individual  rotational  lines  are  not 
resolved  (Ref.  1).  For  example,  a  series  of  OH  emission  spectra  are  shown  in  Figures  51  to 
53.  The  emission  in  this  region  originates  from  the  0,0  and  1,1  vibrational  bands  of  the  OH  A- 
X  transition.  This  OH  emission  is  an  ubiquitous  feature  of  flames  containing  hydrogen  and 
oxygen  (Ref.  104).  Analysis  of  this  spectrum  is  complicated  by  incomplete  resolution  of  lines, 
possible  self-absorption  effects,  pressure  broadening  of  lines,  and  an  apparent  pressure- 
dependent  background  (Ref.  3,13);  however,  some  general  observations  can  be  made.  The 
structure  of  the  OH  emission  spectrum  (and  consequently  the  rotational  and  vibrational 
populations)  appears  to  be  a  function  of  pressure  and  height  above  the  propellant  surface.  This 
is  evident  in  Figure  2.  Increasing  the  pressure  and  moving  closer  to  the  surface  have  a  similar 
impact  on  a  given  OH  spectrum,  an  apparent  increase  in  the  population  of  the  v'=l  vibrational 
level.  Another  notable  point  is  the  large  distances  from  the  surface  at  which  significant  OH 
emission  is  still  seen.  A  more  detailed  analysis,  with  the  calculation  of  approximate  rotational 
temperatures,  has  been  performed  (Ref.  3).  Models  of  AP-based  composite  propellants 
generally  predict  final  flame  heights  on  the  order  of  100-500  |im  (Ref.  107,1 12),  implying  that 
the  conversion  of  reacting  molecules  to  final  products  should  be  complete  outside  this  flame 
zone.  The  fact  that  OH  emission  is  seen  at  such  large  distances  from  the  surface  at  these 
pressures  indicates  that  significant  reactions  involving  OH  are  occurring  even  at  10  mm  (0.4  in) 
from  the  surface  and  that  a  flame  sheet  is  a  poor  approximation  to  the  extended  final  flame. 
Because  of  the  high  quenching  rates  at  pressures  above  atmospheric  (Ref.  10),  this  OH 
emission  is  not  due  to  reactions  occurring  closer  to  the  surface  and  radiating  at  a  later  time  and 
larger  distance  away  from  the  surface.  As  can  be  seen  in  Table  3.3.1,  there  is  an  appreciable 
equilibrium  concentration  of  OH  at  the  flame  temperature,  although  this  is  ground  state  OH  and 
not  the  excited  state  OH  that  causes  the  chemiluminescence.  In  any  case,  OH  emission  is 
usually  found  throughout  a  flame  (Ref.  46,104),  so  the  OH  molecule  is  a  poor  indicator  of 
primary  reaction  zones.  Two-dimensional  imaging  of  these  propellant  flames  using  a  Vidicon 
two-dimensional  detector  tends  to  confirm  the  flame  structure  indicated  by  these  results  (Ref. 
5).  The  UV  emission  from  the  flame  (primarily  OH  and  the  continuum)  tends  to  show  a  broad 
emission  intensity  distribution  with  the  strong  intensity  region  extending  many  mm  above  the 
propellant  surface.  The  visible  image  of  the  flame  is  of  similar  size  (Ref.  5).  For  this  reason, 
another  molecule,  such  as  CN,  NH,  or  CH,  would  be  a  better  indicator  of  reaction  zones. 
However,  the  emission  from  these  molecules  is  obscured  by  the  continuum  at  pressures  much 
above  0. 1  MPa.  Apparently  the  monopropellant  flame,  which  could  show  molecular  emission 
(such  as  NH  emission),  does  not  create  the  right  environment  to  yield  much  emission. 
Determining  the  structure  of  the  AP  propellant  flame  spectroscopically  will  require  a  diagnostic 
technique  that  will  create  a  signal-to-noise  ratio  that  is  sufficiently  large  to  overcome  the 
background  continuum  at  high  pressures.  Another  consideration  is  that  other  types  of 
spectroscopy  will  also  allow  observation  of  molecules  that  do  not  emit  under  the  conditions  in 
the  propellant  flame.  Of  course,  it  may  be  the  case  that  the  absence  of  emission  from  such 
molecules  as  CN  and  NH  indicates  that  the  diffusion  flame  is  totally  dominant  and  that  these 
species  do  not  exist  in  appreciable  concentration  in  the  AP  propellant  flame  at  pressures  above 
about  0.1  MPa.  This  is  discussed  further  in  Section  5.2.  Modeling  of  the  CN  emission  is 
discussed  in  Section  4.7. 

The  distribution  of  emission  from  the  species  that  do  emit  in  the  flame  has  been 
examined.  In  general,  the  emission  from  the  impurities  (Na,  CaCl,  etc.)  and  OH  tends  to 
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rapidly  increase  above  the  propellant  surface,  reaching  a  maximum  at  2-3  mm  above  the  surface 
and  extending  out  past  10  mm.  At  low  pressures,  the  CN,  NH,  and  CH  emission  behaves 
quite  differently,  generally  reaching  a  maximum  and  dropping  back  to  low  levels  within  2-3 
mm.  Again,  at  higher  pressures  the  emission  of  CN,  NH,  and  CH  is  absent.  This  is  illustrated 
in  Figures  55  and  56,  where  the  emission  intensities  for  each  molecule  are  converted  to  a 
relative  scale.  The  vibrational  energy  distribution  in  the  CN  molecule  shows  behavior  similar 
to  that  seen  in  OH,  with  the  4,4  bandhead  at  351.1  nm  (v  '=4)  confined  to  a  region  much 
closer  to  the  surface  that  the  0,0  bandhead  at  388.3  nm  (see  Section  4.7).  These  intensity 
profiles  were  obtained  by  allowing  the  propellant  to  bum  down  through  the  collection  volume, 
in  essence  allowing  sequential  data  collection  from  progressively  higher  in  the  flame.  The 
surface  is  defined  as  the  point  of  first  significant  emission.  This  is  only  approximate  since  the 
presence  of  an  non-emitting  zone  just  above  the  surface  would  be  missed.  In  AP  propellant 
flames,  however,  emission  extends  from  the  surface-  there  is  no  "dark"  zone.  This  data 
appears  to  contradict  idealized  flame  models  which  show  thin  flame  sheets  at  distances  on  the 
order  of  100  p.m  for  the  final  flame  and  10  pm  for  the  primary  and  monopropellant  flames  at 
typical  pressures.  If  one  assumes  that  the  Na  emission  is  a  function  of  temperature,  then  the 
final  flame,  defined  as  the  part  of  the  flame  that  has  reached  the  maximum  flame  temperature,  is 
a  rather  large  flame  with  a  thickness  on  the  order  of  centimeters.  This  is  approximately  the 
same  size  as  the  visible  flame.  Improved  resolution  would  be  desirable,  however,  to  better 
resolve  AP  flame  zones  in  both  time  and  space.  For  this  reason,  LIF  experiments  were 
performed  (see  Section  5).  Both  control  and  bumdown  experiments  were  performed  with  Na 
emission  to  see  if  periodic  fluctuations  proportional  to  the  combustion  time  of  the  constituent 
AP  crystals  could  be  seen.  No  such  behavior  was  seen,  which  is  not  surprising  since  the 
emission  was  collected  over  a  horizontal  alice  of  the  flame  of  at  least  6  mm  in  width,  averaging 
over  many  AP  particles. 

Table  11.  Species  seen  in  emission  in  API  propellant  flame. 


Emitting  species 

Wavelength/band 

present/absent 

CN 

B-X,0-0,  1-0,  0-1  band  sequences 

present  at  low  P 

NH 

0-0  band  sequence  (336  nm) 

present  at  low  P 

CH 

A-X  system,  430  nm  system 

present  at  low  P 

OH 

A-X,  0-0  and  1-0  band  sequences 

present 

Na 

589.0,  589.6,  330.2-3  nm 

present 

Fe 

386,  387.9,  388.7  nm,  etc. 

absent? 

K 

769.9,  766.5,  403.5,  404.4  nm 

present 

Ca 

422.7  nm 

present 

CaCl 

A-X,  0-0  bands 

present 

Cr 

425.4,  427.5,  428.4  nm- 

present  near  ignition 

Ni 

lines  from  337-353  nm 

present  near  ignition 

CaOH 

554  nm  system 

present 

NO 

A-X  (y  bands),  200-300  nm 

absent 

c2 

A-X,  0-0,  1-0  bands 

absent 

CIO 

A-X,  0-6,  1-7  bands 

absent 

58 


Wavelength,  nm 


Figure  46.  CN  (B2X-X2£1  emission  spectrum.  API  propellant,  1  atm  N2+,  Reticon  detector, 
700  pixels,  0.0175  nm/pixel  dispersion,  0.24  s  exp.  time,  500/100  p.m  slits,  h=0. 
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Figure  47.  CN  fB2£-X^Z')  emission  spectrum.  API  propellant,  1  atm  N2+,  Reticon  detector. 
700  pixels,  0.0175  nm/pixel  dispersion,  0.24  s  exp.  time,  500/100  |im  slits,  h=0. 


Figure  48.  CN  (B2S-X2£)  emission  spectrum.  API  propellant,  1  atm  N2+,  Reticon  detector, 
700  pixels,  0.0175  nm/pixel  dispersion,  0.24  s  exp.  time,  500/100  pm  slits,  h=0. 


Figure  49.  CaCl  (A2n-X^£')  emission  spectrum.  API  propellant,  1.8  MPa,  Reticon  detector. 
700  pixels,  0.035  nm/pixel  dispersion,  0.07  s  exp.  time,  50/100  pm  slits,  h=07. 
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Figure  52.  OH  (A2I-X21T)  emission  spectrum.  API  propellant,  0.2  MPa,  Reticon  detector, 
700  pixels,  0.0175  nm/pixel  dispersion,  0.24  s  exp.  time,  100/100  |im  slits,  h=0. 


Figure  53.  OH  (A2X-X2IT)  emission  spectrum.  API  propellant,  7  MPa,  Reticon  detector,  700 
pixels,  0.0175  nm/pixel  dispersion,  0.07  s  exp.  time,  100/100  pm  slits,  h=0?. 
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Figure  54.  CH  (A2A-X2IT)  emission  spectrum.  API  propellant,  1  atm  N2+,  Reticon  detector, 
700  pixels,  0.0175  nm/pixel  dispersion,  0.24  s  exp.  time,  500/100  pm  slits,  h=0?. 
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Figure  56.  Emission  intensity  as  a  function  of  distance  above  surface.  API  propellant,  1 .8 
MPa  (filled  symbols)  and  3.5  MPa  (open  symbols). 


4.4.  AP2  PROPELLANT  EMISSION  STUDIES 

Many  solid  propellants  contain  aluminum.  The  flame  above  such  a  metallized 
propellant  would  be  expected  to  be  especially  inhospitable  to  laser  diagnostics.  For  this 
reason,  a  brief  study  was  made  of  the  emission  from  AP2  propellant.  The  flame  above  this 
propellant  was  essentially  opaque  at  0.8  MPa  (see  Section  3.4),  so  laser  diagnostics  would  be 
difficult  to  apply. 

A  survey  was  made  of  the  possible  emitting  species  at  atmospheric  pressure  (under  Nt) 
and  at  0.8  MPa  by  allowing  the  propellant  to  bum  down  through  the  collection  volume  with  the 
spectrometer  set  to  the  appropriate  wavelength.  Surprisingly  (?),  weak  CN  emission  was  the 
only  molecular  emission  seen,  although  Na,  Fe,  and  A1  emission  lines  were  seen.  For 
example,  see  Figure  57.  CN  was  seen  only  at  atmospheric  pressure,  as  in  API  propellant. 
The  results  of  the  survey  are  summarized  in  Table  12.  The  most  notable,  and  most  obvious 
visual,  aspect  of  the  flame  is  the  bright  continuous  background  from  burning  aluminum 
particles. 

The  distribution  of  the  CN  and  A1  emission  is  illustrated  in  Figure  58.  The  most 
obvious  characteristic  is  the  extended  CN  emission  profile  (as  compared  to  the  non-aluminized 
API).  The  CN  profiles  from  Figure  54  (API)  and  Figure  58  are  compared  in  Figure  59, 
showing  the  extension  of  the  CN  profiles.  This  change  in  CN  profile  may  be  due  to  the 
"coolant"  effect  of  unbumed  aluminum  particles  extending  and  attenuating  the  reaction  zone, 
where  reaction  zone  is  here  defined  as  the  zone  in  the  flame  giving  rise  to  the  CN  emission. 
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Na  emission  was  also  measured  at  0.8  MPa  with  Na  emission  spectra  and  emission 
profiles  shown  in  Figures  60  and  61,  respectively.  One  interesting  observation  is  the  apparent 
self-absorption  of  the  Na  lines  due  to  high  Na  concentration  in  the  flame  (see  Section  3.1). 
The  spectral  distribution  of  the  continuous  background  has  also  been  measured,  as  shown  in 
Figure  62.  This  background  is  quite  similar  to  that  from  a  tungsten  lamp  (GE  FEL  lamp), 
indicating  that  the  background  originated  from  hot  aluminum  particles. 


Table  12.  Species  seen  in  emission  in  AP2  propellant  flame. 


Emitting  species 

Wavelength/band 

present/absent 

CN 

B-X,0,0  band  sequence 

present 

Na 

D  lines  (589.0,  589.6  nm) 

present 

A1 

396.2,  394.4,  309.3,  308.2  nm 

present 

Fe 

386  nm  line 

present 

K 

769.9,  766.5  nm 

present 

OH 

A-X,  0,0  band 

absent 

NH 

0,0  band  sequence  (336  nm) 

absent 

CH 

A-X  system,  0,0  band 

absent 

NO 

A-X  (y  bands),  200-200  nm 

absent 

A1C1 

A-X,  0,0  band 

absent 

AlO 

B-X,  0,0  band 

absent 

c2 

A-X,  0,0  band 

absent 

Figure  57.  Emission  spectra.  AP2  propellant,  1  atm  N2+,  Reticon  detector,  700  pixels, 
0.0175  nm/pixel  dispersion,  0.36  s  exp.  time,  500/200  pm  slits,  h=0?. 
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Figure  60.  Na  emission  spectra.  AP2  propellant,  0.79  MPa,  Reticon  detector,  700  pixels, 
0.0175  nm/pixel  dispersion,  0.05  s  exp.  time,  50/50  |im  slits,  h=0  (bottom  spectrum),  h=2 

mm  (top  spectrum). 
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4.5.  HMX  PROPELLANT  EMISSION  STUDIES 

The  emission  from  the  HMX  flame  is  quite  different  from  the  AP  propellai..  flame  in 
several  ways  (see  Figures  65  to  72  and  Table  13).  The  molecular  emission  from  CN  and  NH  is 
seen  at  pressures  up  to  7  MPa  (1000  psig).  At  3.5  MPa,  the  ratio  of  emission  intensities 
(maximum  peak  heights)  is  approximately  CN/NH/OH=5/l/l.  No  CH  or  CA  emission  was 
detected  at  any  pressure  (Table  13).  The  presence  of  molecular  emission  at  the  highest 
pressures  implies  that  the  HMX  propellant  flame  shows  much  more  premixed  character  than 
the  AP  flame.  As  already  discussed,  this  is  basically  due  to  the  fuel-rich  nature  of  the  HMX. 
The  continuum  is  much  weaker  in  the  HMX  flame,  which  is  probably  due  to  the  smaller 
amount  of  oxygen  in  the  flame  (see  Table  6).  The  combustion  b>_..  ”ior  of  the  HMX 
propellants  is  significantly  different  from  that  of  the  AP  propellants  in  another  way.  Unlike  the 
AP  propellants,  the  HMX  propellants  will  not  bum  under  nitrogen  at  atmospheric  pressure. 
They  will  however  burn  quite  well  in  air  at  atmospheric  pressure,  because  of  the  diffusion  of 
oxygen  into  the  flame,  which  indicates  that  the  combustion  of  HMX  in  air  may  be  proceeding 
by  a  significantly  different  mechanism  than  the  combustion  of  HMX  in  an  inert  atmosphere. 

It  is  interesting  to  compare  the  emission  seen  in  the  HMX  propellant  flame  to  the 
emission  seen  in  the  flames  of  proposed  intermediates  in  HMX  combustion  (Ref.  22,91- 
93, 106).  On  the  basis  of  low  temperature  decomposition  studies,  it  has  been  suggested  that  the 
primary  decomposition  products  of  HMX  are  CH2O  and  N^O.  CH2O/N2O  flames  have  been 
studied  (Ref.  145,155),  with  the  primary  emission  species  being  OH.  NH,  NH2.  No  CN. 
Cl  Lor  C2  emission  was  seen.  High  temperature  decomposition  studies  indicate  that,  under 
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conditions  more  similar  to  propellant  deflagration,  HCN  is  a  major  product  (along  with  N02). 
An  HCN/NO2  flame  should  (analogous  to  HCN/02  flames  (Ref.  87))  have  CN  and  NH  as 
intermediates,  but  not  CH.  Thus,  it  may  be  speculated  that  the  strong  CN  emission  and  absence 
of  CH  emission  is  due  to  the  predominance  of  HCN  as  the  fuel  species,  at  the  expense  of 
hydrocarbons  or  CH20.  Note  that  the  flame  of  the  energetic  plasticizer  must  also  be 
considered.  Multiply  nitrated  esters,  such  as  TMETN,  have  been  found  to  decompose  into 
(mainly)  N02  and  aldehydes  (Ref.  36).  Aldehyde/N02  flames  show  no  CN  or  CH  emission, 
while  hydrocarbon/N02  flames  show  both.  Thus,  the  presence  of  the  TMETN  does  not  affect 
the  observation  of  CN  in  the  absence  of  CH  emission.  Our  data,  then,  appears  to  confirm  the 
importance  of  pathways  other  than  CH20/N20  in  HMX  propellant  combustion.  LIF 
measurements  underway  on  other  radicals  should  give  a  much  firmer  basis  for  assignment  of 
HMX  flame  reaction  mechanisms. 

Emission  profiles  for  various  species  have  been  obtained  in  the  HMX  propellant  flame 
at  3.5  MPa  in  the  same  manner  as  for  the  AP  propellant  flames.  The  main  difference  is  CN  and 
NH  emission  can  be  seen  at  these  pressures  in  the  HMX  propellant  flame.  Typical  emission 
profiles  are  shown  in  Figure  73.  The  profiles  are  similar  to  those  seen  in  low  pressure  AP 
propellant  flames.  The  "primary  reaction  zone"  (characterized  by  CN  and  NH  emission)  is 
quite  extended  for  such  a  high  pressure,  extending  over  several  millimeters.  The  data  indicates 
chemistry  involving  CN  and  NH  occurring  on  a  scale  of  millimeters,  larger  than  would  be 
expected  from  current  HMX  propellant  combustion  models.  The  temperature  profile  implied  by 
the  Na  emission  is  similar  to  that  found  by  Kubota,  who  used  microthermocouples  to  follow 
the  spatial  variations  in  temperature  in  an  HMX-based  solid  propellant  (Ref.  22).  These 
results,  although  not  definitive  because  of  the  limitations  of  emission  spectroscopy,  are  quite 
interesting,  and  the  detailed  study  of  the  reaction  zones  in  solid  propellant  flames  using 
advanced  combustion  diagnostics  that  is  now  underway  should  yield  important  results. 

Table  13.  Species  seen  in  emission  in  HMX1  propellant  flame. 


Emitting  species 

Wavelength/band 

present/absent 

CN 

B-X,0-0,  1-0,  0-1  band  sequences 

present 

NH 

0-0  band  sequence  (336  nm) 

present 

CH 

A-X  system,  430  nm  system 

absent 

OH 

A-X,  0-0  and  1-0  band  sequences 

present 

Na 

589.0,  589.6,  330.2-3  nm 

present 

Fe 

386,  387.9,  388.7  nm,  etc. 

present 

K 

769.9,  766.5,  403.5,  404.4  nm 

present 

Ca 

422.7  nm 

present 

Cr 

425.4,  427.5,  428.4  nm 

present 

Ni 

lines  from  337-353  nm 

present  near  ignition 

Cu 

324.8,  327.4  nm 

present 

Mg 

285.2  nm 

present 

Sn 

284.0,  286.3  nm 

present 

NO 

A-X  (y  bands),  200-300  nm 

absent 

C2 

A-X,  0-0,  1-0  bands 

absent 
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Figure  65. 


sion.  HMX1  propellant,  1.8  MPa,  Reticon  detector,  700 


pixels,  0.0175  nm/pixel  dispersion,  0.24  s  exp.  time,  500/100  pm  slits,  h=0? 
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Figure  66.  OF!  (A2S-X2IT)  emission.  FIMX1  propellant,  3.5  MPa,  Reticon  detector,  700 
pixels,  0.0175  nm/pixel  dispersion,  0.24  s  exp.  time,  500/100  pm  slits,  h=0. 
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Figure  67.  NH  (A^nOC3!)')  emission.  HMX1  propellant,  1.8  MPa,  Reticon  detector,  700 
pixels,  0.0175  nm/pixel  dispersion,  0.24  s  exp.  time,  500/100  pm  slits,  h=0?. 


Figure  68.  CN  emission.  HMX1  propellant,  3.5  MPa,  Reticon  detector,  700 

pixels,  0.0175  nm/pixel  dispersion,  0.24  s  exp.  time,  500/100  |im  slits,  h=l-2mm. 
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Figure  69.  Fe  emission.  HMX1  propellant  w/  1%  metal  catalyst,  1.8  MPa,  Reticon  detector, 
700  pixels,  0.0175  nm/pixel  dispersion,  0.24  s  exp.  time,  500/100  p.m  slits,  h=  10  mm. 


Wavelength,  nm 


Figure  70.  Emission.  HMX1  propellant,  1.8  MPa,  Reticon  detector,  700  pixels.  0.07 
nm/pixel  dispersion,  0.18  s  exp.  time,  500/100  (am  slits,  h=?. 
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Wavelength,  nm 

Figure  71.  Emission.  HMX1  propellant,  1.8  MPa,  Reticon  detector,  700  pixels,  0.07 
nm/pixel  dispersion,  0.18  s  exp.  time,  500/100  |im  slits,  h=?. 
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Wavelength,  nm 

Figure  72.  Emission.  HMX1  propellant,  1.8  MPa,  Reticon  detector,  700  pixels,  0.07 
nm/pixel  dispersion,  0.18  s  exp.  time,  500/100  |im  slits,  h=07. 
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Figure  73.  Relative  emission  intensity  as  a  function  of  distance  above  surface.  HMX1 

propellant,  3.5  MPa. 


4.6.  EMISSION  SPECTRA  FROM  OTHER  PROPELLANTS 

The  other  propellants  listed  in  Table  3  were  examined  with  emission  spectroscopy,  as 
was  a  pure  GAP  (glycidyl  azide  polymerVTMETN  gumstock.  Emission  from  the  "interesting'' 
radicals  (OH,  CN,  NH,  CH,  NO)  was  not  seen  in  HMX2,  DB1,  DB2,  AN1,  or  the  GAP 
gumstock.  The  only  exception  was  weak  CN  emission  seen  in  the  AN1  propellant  flame. 
Emission  was  seen  consistently  from  sodium,  usually  found  in  most  propellants  (Table  4). 
and,  occasionally,  other  contaminant  species.  This  illustrates  one  of  the  limitations  of  emission 
spectroscopy,  relative  to  laser-induced  fluorescence-a  species  may  be  present  in  high 
concentration  (e.g.,  NO),  but  may  not  be  observable  in  emission. 
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4.7.  MODELING  OF  EMISSION  SPECTRA-CN 


It  has  long  been  recognized  that  the  chemiluminescence  (emission)  spectra  from  flames 
can  be  analyzed  to  give  rotational  and  vibrational  temperatures  (Tr  and  Tv)  of  the  upper  state  of 
an  emitting  transition  (Ref.  156).  The  temperature  obtained  is  not  a  translational  or  gas  kinetic 
temperature  such  as  might  be  measured  by  a  thermocouple,  but  is  instead  the  equivalent 
temperature  a  molecule  would  show  in  purely  thermal  emission.  Often,  molecules  are  created 
in  chemical  reactions  with  excess  vibrational  and  rotational  energy,  and  so  the  vibrational  or 
rotational  temperature  can  be  much  higher  than  the  gas  kinetic  temperature.  For  example,  a 
C2N2/O2/H2  flame  (Ref.  157)  showed  a  CN  (B  2X+)  Tv  of  6300  K  in  the  reaction  zone,  more 
than  double  the  adiabatic  flame  temperature.  Similarly,  the  CN  (B  2£+)  rotational  temperatures 
have  also  been  measured  in  the  reaction  zones  of  C2N2  and  C2H2/NO  flames  (Ref.  157-159), 
showing  Tr=5000-6000  K  for  flames  with  equilibrium  flame  temperatures  of  2000-2500  K. 
Thus,  the  vibrational  and  rotational  temperatures  in  the  flame  reaction  zone  are  more 
characteristic  of  the  chemical  environment  of  the  flame  than  the  actual  gas  kinetic  temperatures. 

OH  chemiluminescence  from  solid  propellant  flames  has  previously  been  analyzed 
(Ref.  3).  That  work  determined  OH  rotational  temperatures  in  the  pressure  range  of  0.2-7.0 
MPa  at  several  positions  above  the  surface  of  API  propellant  burning  in  a  strand  burner. 
Emission  from  other  species  has  been  seen  in  similar  solid  propellant  flames,  including  CN, 
NH,  CH,  CaCl,  CaOH,  Na,  K,  Fe,  Cr,  and  A1  (Sections  4. 3-4.6).  This  section  describes  the 
analysis  of  the  CN  (B  2£+  -  X  2X+)  chemiluminescence  spectra  in  two  such  propellant  flames. 
Modeling  of  NH  emission  spectra  is  discussed  in  Section  4.8.  Studies  of  solid  propellant 
chemiluminescence  can  yield  important  flame  information  in  situations  where  other  flame 
diagnostics,  such  as  laser-induced  fluorescence  (LIF),  are  difficult  or  impossible.  For 
example,  in  high  pressure  solid  propellant  flames  the  optical  thickness  of  the  flames  can  be  so 
large  that  laser  beams  can  not  penetrate  the  flames,  making  LIF  and  absorption  measurements 
impossible  (Section  5).  Analysis  of  the  CN  radical  provides  a  good  complement  to  the  OH 
results  since  the  CN  is  confined  to  the  near  surface  "primary"  reaction  zone,  whereas  OH  is 
found  throughout  the  propellant  flames  (Sections  4.3,  4.4,  5.1). 

In  contrast  to  the  OH  emission  spectrum  (Ref.  3),  the  CN  rotational  lines  are  much 
closer  and  therefore  not  resolvable  with  the  detection  system,  so  a  vibrational  temperature  is  the 
only  temperature  that  can  be  accurately  computed.  Because  of  the  limited  resolution  of  the 
detection  system  and  the  complicated  nature  of  the  CN  vibrational  structure,  synthetic  spectra 
were  created  to  compare  to  the  experimental  spectra  to  obtain  the  vibrational  temperature.  The 
equations  used  are  the  standard  spectroscopic  equations  for  a  E-L  transition  (Ref.  160).  Since 
the  splitting  of  the  rotational  lines  is  not  resolvable  with  the  detection  equipment  used,  the  CN 
B-X  transition  is  treated  as  a  ^E-^E  transition.  The  intensity  of  a  given  line  is  calculated  by 
assuming  a  Boltzmann  distribution:  Iem=CSjAvV,v4exp(-Fhc/kTr)exp(-G'hc/kTv),  where  C 
is  a  constant,  Sj  is  the  rotational  line  strength  (=J’  for  the  CN  R  branch  and  =J'+1  for  the  P 
branch  (Ref.  160)),  Av'v"  is  the  Franck-Condon  factor  (Ref.  161),  and  the  term  values  for  the 
rotation  (F)  and  vibration  (G)  have  been  separated  to  allow  for  differing  rotational  and 
vibrational  temperatures.  Values  for  most  of  the  spectroscopic  constants  were  found  in  (Ref. 
162).  The  vibrational  constants  for  the  B2E+  state  are  poorly  fit  by  the  standard  equations 
(Ref.  162),  so  tabular  values  from  (Ref.  163)  were  used.  Once  the  line  locations  and 


intensities  were  calculated  (for  v'=0-7  and  J’=l-95),  a  synthetic  spectrum  was  created  by 
scanning  (700  points,  0.0175  nm  between  points)  a  triangular  slit  function  with  a  given 
bandpass  over  the  760  (8X95)  calculated  spectral  lines.  A  bandpass  of  0.125  nm  (FWHM) 
was  used,  in  agreement  with  the  bandpass  used  in  the  analysis  of  the  OH  spectra  (Ref.  3).  The 
synthetic  spectra  were  then  calculated  for  a  range  of  temperatures  and  the  best  match  to  the 
experimental  spectra  was  selected.  A  sample  model  synthetic  spectra  is  presented  in  Figure 
74b.  The  best  fit  was  determined  by  minimizing  the  differences  between  the  experimental  and 
theoretical  spectra  at  the  10  indicated  points.  The  spectra  were  fairly  sensitive  to  the  vibrational 
temperature,  with  the  3,3  and  4,4  bandheads  disappearing  at  Tv's  less  than  approximately 
3000  K. 

An  experimental  CN  spectra  for  the  AP  propellant  burning  at  atmospheric  pressure 
under  nitrogen  is  shown  in  Figure  75a.  The  best  match  synthetic  spectra  for  atmospheric 
pressure  conditions  represents  an  effective  vibrational  temperature  of  4500±500  K.  The 
vibrational  temperature  in  the  AP  propellant  at  atmospheric  pressure  resembles  the  spectrum  in 
the  CH4/N2O  flame,  as  can  be  seen  by  comparing  Figures  4.7a  and  75a.  In  contrast,  the  CN 
vibrational  temperature  in  the  HMX  propellant  flame  is  2500±500  K  at  pressures  from  0.5  to  7 
MPa  (for  example.  Figure  75b),  much  closer  to  the  adiabatic  flame  temperature.  0.5  MPa  is 
the  minimum  nitrogen  pressure  under  which  the  HMX  propellant  will  bum,  although  the 
propellant  will  bum  at  1  atm  in  air.  The  CN  vibrational  temperature  obtained  from  burning  of 
the  HMX  propellant  in  air  is  2750  K,  slightly  higher  than  the  higher  pressure  results  but  still 
substantially  lower  than  the  CN  Tv  in  the  AP  propellant  flame.  The  diffusion  of  atmospheric 
oxygen  into  the  flame  may  well  have  perturbed  the  CN  chemistry  and/or  the  flame  temperature 
in  the  propellant  flame,  but  the  large  difference  between  the  AP  and  HMX  propellant  flames 
still  remains  and  is  evidently  not  a  pressure-related  effect.  The  CN  vibrational  temperature  in 
the  AP  propellant  flame  shows  much  more  spatial  dependence  than  the  Tv  in  the  HMX  flames. 
The  spectrum  from  Figure  75a  is  a  typical  spectrum  near  the  peak  of  the  CN  emission  intensity 
distribution.  At  larger  distances  from  the  surface,  the  spectra  show  a  lower  vibrational 
temperature,  resembling  the  HMX  spectra.  This  effect  has  also  been  seen  in  th ,  CH4/N2O 
flame,  where  the  vibrational  temperature  decreases  as  the  distance  above  the  burner  increases. 
This  effect  has  also  been  noted  in  OH  chemiluminescence  in  solid  propellant  flames  (Ref.  3). 
As  the  pressure  increases,  the  AP  propellant  flames  show  a  rapid  decrease  in  the  intensity  of 
the  CN  emission  (and  LIF)  because  of  the  transition  between  the  premixed  and  diffusion  flame 
regimes  (Sections  4.3  and  5.2).  It  appears  that  this  decrease  in  intensity  is  accompanied  by  a 
decrease  in  the  CN  vibrational  temperature,  although  the  spectra  are  weak  enough  at  the  higher 
pressures  (0.5-0.8  MPa)  that  the  higher  vibrational  bandheads  may  be  obscured  by  detector 
noise.  At  atmospheric  pressure,  the  emission  from  the  weaker  CN  Av=-1  band  sequence  can 
be  observed  in  the  AP  propellant  flame,  although  analysis  of  this  band  is  difficult  because  of 
the  presence  of  underlying  CH  A-X  emission  lines  and  the  presence  of  the  underlying  CO+O 
continuum  (Section  4.3).  The  corresponding  Av=-1  model  spectrum  shows  a  slightly  higher 
vibrational  temperature  than  the  Av=0  band  sequence,  although  the  fit  is  much  less  accurate 
because  of  the  interfering  emission.  This  interference  is  much  less  of  a  problem  for  the  Av=0 
band  sequence,  although  the  HMX  CN  spectra  are  occasionally  "contaminated"  with  emission 
from  the  386.0  nm  Fe  line,  interfering  with  the  CN  2,2  bandhead.  At  pressures  above  about  2 
MPa,  the  high  intensity  of  the  continuous  background  underlying  the  CN  emission  spectra 
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creates  difficulties  in  background  subtraction,  but  in  general  the  Av=0  band  sequence  was 
relatively  free  of  interference  problems. 

The  calculation  of  the  synthetic  spectra  assumes  a  Boltzmann  distribution  of  vibrational 
and  rotational  energies.  Such  a  Boltzmann  distribution  would  produce  a  linear  plot  of 
Iem(bandhead)/(Av'v")(v4)  vs  the  vibrational  energy  G’(v)  (Ref.  156,159,160).  However, 
when  the  resolution  is  not  sufficient  to  resolve  the  contributions  of  other  vibrational  bands  to 
the  bandhead  intensity,  a  linear  relationship  may  not  be  produced.  For  this  reason,  synthetic 
spectra  were  matched  to  the  experimental  spectra,  since  the  vibrational  overlap  would  be  the 
same  in  both.  The  bandhead  peaks  and  the  minima  between  the  peaks  were  compared  to  obtain 
the  best  match.  The  model  allows  the  possibility  of  differing  Tv  and  Tr,  although  the  best  fit 
usually  occurred  with  Tv=Tr.  The  model  spectra  could  closely  approximate  the  entire 
experimental  spectra,  although  the  1,1  bandhead  was  typically  slightly  over-predicted  and  the 
4, 4+5, 5  bandhead  was  slightly  under-predicted  in  the  AP  propellant  flames.  Excluding  the  1,1 
peak  from  the  fitting  routine  raised  the  best  fit  Tv  by  approximately  250  K,  while  excluding  the 
4,4+5, 5  peak  from  the  fit  decreased  the  best  fit  temperature  by  about  250  K.  In  general,  it 
appears  that  the  CN  emission  from  AP  propellant  flames  is  derived  from  a  different  chemical 
reaction  from  the  CN  emission  from  the  HMX  propellant  flames  because  of  the  large  difference 
in  Tv.  It  is  possible  that  the  high  pressure  of  the  HMX  propellant  flames  (the  propellant  will 
not  bum  at  pressures  below  -0.5  MPa)  is  causing  the  Tv  in  the  CN*  molecules  to  be  reduced 
before  radiating,  although  no  effect  of  pressure  was  seen  between  0.5  and  7  MPa  and  the  1  atm 
air  experiments  yielded  the  lower  vibrational  temperature  seen  in  the  high  pressure 
experiments.  Thus  it  seems  likely  that  the  difference  in  Tv  is  due  to  differences  in  flame 
chemistry. 

The  CN  chemiluminescence  in  C2N2  and  hydrocarbon/NOx  flames  is  generally 
attributed  to  the  exothermic  reaction  C2  +  NO  =  CN*  +  CO  (Ref.  158,159,164,165).  This 
reaction  is  believed  to  contribute  also  to  the  production  of  ground  state  CN  (Ref.  159), 
although  fuel  nitrogen  consumption  generally  proceeds  through  HCN  as  an  intermediate  (Ref. 
87),  with  HCN  the  likely  major  precursor  to  ground  state  CN.  It  is  interesting  to  speculate 
about  why  the  C2+NO  reaction  appears  to  be  important  in  AP  propellant  flames  and  not  in 
HMX  propellant  flames.  Low  (near-atmospheric)  pressure  AP  propellant  flames  are  similar  to 
"typical"  premixed  flames  (Ref.  113).  The  fuel  is  supplied  by  pyrolysis  of  the  hydrocarbon 
binder  (polybutadiene,  -C^g),  while  the  oxidant  is  provided  by  the  decomposition  of  the 
ammonium  perchlorate  (Ref.  122,166).  One  of  the  decomposition  products  of  the  AP  is  NO, 
while  the  presence  of  C2  from  the  pyrolysis  of  a  C4H5  hydrocarbon  is  to  be  expected.  Thus, 
the  presence  of  CN*  is  not  surprising.  In  the  case  of  HMX  decomposition,  the  gas  phase 
species  are  thought  to  arise  from  the  decomposition  of  the  HMX  into  some  combination  of 
HCN,  CH2O,  NO2,  and  N2O  (Ref.  29,28).  Studies  of  thes£  type  of  flames  are  underway, 
with  CH2O/NO2  (Ref.  82)  and  C2N2/H2/NO2  (Ref.  88)  flame  studies  recently  begun.  The 
flame  chemistry  of  HCN  and  NO  are  of  much  current  interest  from  a  pollution  perspective 
(Ref.  87,89).  CH2O/NO2  flames  don't  produce  CN  emission  at  all  (Ref.  145),  although  the 
polyester  binder  in  the  HMX  propellant  may  be  a  source  of  hydrocarbons  which  react  with 
NO2.  Hydrocarbon/N02  flames  do  show  vibrationally-excited  CN  chemiluminescence  (Ref. 
104,145),  as  do  hydrocarbon/^O  flames  (Figure  4.7a).  C2N2/H2/O2  (and  presumably 
C2N2/H2/NO2)  flames  also  show  vibrationally-excited  CN  chemiluminescence,  although  the 


dissociation  energy  of  C2N2  is  so  high  that  significant  pyrolysis  of  C2N2  occurs  before 
reaction  (Ref.  167),  so  a  mixture  of  C2N2/H2/NO2  may  have  a  significantly  different  reaction 
mechanism  than  the  stoichiometrically  equivalent  flame  of  HCN/NO2.  Several  possibilities 
follow  from  these  observations  :  (1)  the  NO2,  N2O,  and  NO  don't  encounter  hydrocarbons  in 
the  HMX  propellant  flame,  and  either  (2)  flames  with  HCN  as  a  fuel  don't  produce 
vibrationally-excited  CN  chemiluminescence,  or  (3)  HCN  is  not  present  in  the  HMX  propellant 
flame  and  the  Tv=2500  K  CN  emission  comes  from  some  fuel  other  than  HCN  or  CH2O.  The 
knowledge  of  the  reaction  mechanisms  in  HMX  propellant  flames  is  insufficient  to  resolve  this 
issue  at  present  (Ref.  29),  thus  the  rationale  for  model  flame  studies  (Ref.  82,88)  and 
propellant  flame  studies  (Ref.  1-9). 
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Figure  74.  Sample  CN  (B2I-X2X)  emission  spectra,  (a)  CH4/N2O  flame,  1  atm.  (b):Model 

spectrum  with  Tr=Tv=5000  K. 
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Model,  Tv-Tr-7500 


Figure  77.  Model  CN  (B2£-X2Z,>  emission  spectrum.  Tp=Tv=7500  K  (1,0  band  sequence). 
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Figure  78.  Model  CN  (B2£-X2£)  emission  spectrum.  1V=TV=5000  K  (1,0  band  sequence). 
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Figure  81.  Model  CN  (B2£-X2£)  emission  spectrum.  Tr=Tv=2500  K  (0,1  band  sequence). 
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Figure  82.  Model  CN  (B2S-X2X)  emission  spectrum.  7^^=7500  K  (0,1  band  sequence). 
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Figure  85.  Comparison  of  model  and  e 
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Figure  89.  Comparison  of  model  and  experimental  CN  peak  heights. 


4.8.  MODELING  OF  EMISSION  SPECTRA-NH 

Synthetic  spectra  for  NH  were  constructed  for  the  same  reasons  as  the  CN  spectra. 
The  equations  and  program  are  listed  in  Appendix  2.  The  most  important  difference  between 
the  two  molecules  is  that  NH  has  a  more  open  rotational  structure,  thus  splitting  of  the 
rotational  lines  must  be  taken  into  account.  The  standard  equations  used  (Ref.  168-172)  are 
listed  in  Appendix  2.  For  whatever  reason  (programming  error,  poor  spectroscopic  constants), 
the  equations  fit  the  NH  line  data  (Ref.  169-171)  with  only  fair  precision.  This  is  illustated  in 
Figures  90  to  96.  To  obtain  a  temperature  from  the  ratio  of  the  0,0  and  1,1  Q  bandheads  (often 
the  only  visible  NH  features,  for  example  Figures  4.1.5,  4.3.5,  4.5.3),  the  synthetic  spectra 
must  match  the  Q  branches  at  low  J',  which  the  current  program  does  not.  This  modeling 
work  is  incomplete,  but  preliminary  estimates  of  the  NH  vibrational  temperature  were  made  by 
inputting  the  known  NH  0,0  and  1,1  lines  from  (Ref.  169-171)  as  shown  in  the  program 
listing  in  Appendix  2.  When  this  was  done  (with  the  2,2  lines  calculat.d  from  the  equations), 
the  synthetic  spectra  shown  in  Figure  96  was  obtained.  This  spectrum  matches  the 
experimental  spectrum  (Figure  4.1.5)  fairly  well  and  allows  estimates  of  vibrational 
temperature  to  be  made  by  calculating  the  ratio  of  the  0,0  and  1,1  bandheads.  The  calculated 
relationship  between  the  bandhead  ratio  and  the  vibrational  temperature  is  shown  in  Figure  97; 
the  result  is  Tv(=Tr  in  the  model),  K= 14450(0, 0:1,1  Q  branch  bandhead  ratio)"0  8431 .  A 
preliminary  analysis  of  the  some  experimental  data  yields  the  results  shown  in  Table  14.  One 
interesting  fact  emerged  in  the  preliminary  analysis-the  NH  Tv  was  quite  variable  in  the 
propellant  flames,  as  shown  in  Figure  98.  Thus  the  average  Tv  in  Table  14  is  less  relevant  to 
the  flame  chemistry  than  the  complete  profile.  This  will  be  more  thoroughly  analyzed  when  the 
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NH  spectral  modeling  is  completed.  The  similarity  between  Tv  max  in  the  API  propellant 
flame  and  the  adiabatic  flame  temperature  (Table  6)  is  interesting  and  should  be  investigated 
further.  In  the  HMX1  propellant  flames,  the  NH  intensity  is  less  and  the  background  is  higher 
(see  Figure  4.5.3),  so  the  uncertainty  in  the  bandhead  ratio  is  greater.  The  background 
subtracted  from  the  peaks  was  the  minimum  between  the  0,0  and  1,1  peaks.  The  error  may  not 
appear  to  be  larger,  but  the  ratio  does  not  appear  to  be  a  function  of  distance  above  the  surface. 
Thus  the  indicated  error  is  not  a  systematic  error,  but  is  rather  a  large  random  error  reflecting 
the  lower  signal-to-noise  ratio  in  the  HMX  flames.  It  appears,  however,  that  the  Tv  in  the 
HMX1  propellant  flames  is  significantly  higher  than  the  adiabatic  flame  temperature.  These 
results  are  preliminary  since  they  are  based  on  a  relatively  small  number  of  data  points. 

The  model  can  also  be  used  to  predict  Tr  by  looking  for  an  R  branch  bandhead  at  328 
nm,  seen  only  at  high  Tr  (Ref.  173).  The  model  is  somewhat  inaccurate  in  this  area  since  the 
tabulated  line  data  only  extends  to  J=30,  which  is  in  the  bandhead  region  (see  Figure  90). 
Thus,  the  bandhead  may  be  larger  than  the  model  predicts  since  lines  with  J>30  would  add  to 
the  bandhead  intensity.  Nevertheless,  the  model  does  show  a  bandhead  at  higher  Tr,  as  shown 
in  Figures  100  and  101.  Such  a  bandhead  has  not  been  observed  in  either  the  propellant  flames 
or  the  CH4/N2O  calibration  flame.  For  example,  the  328  nm  region  of  the  CH4/N2O  flame 
spectrum  is  shown  in  Figure  102.  This  indicates  that  Tr=Tv  is  probably  a  fairly  good 
approximation.  Model  predictions  of  the  NH  P  branch  are  presented  in  Figures  103  to  108. 
These  are  compared  to  the  NH  excitation  distribution  in  the  NH  LIF  experiments  in  Section 
5.3. 


Table  14.  Preliminary  NH  T„  results 


Flame 

Pressure 

Q  branch  bandhead  ratio 

#  of  spectra  analyzed 

Tv(=Tr),  1 

CH4/N2O 

1  atm  air 

6.6110.48 

6 

I 

API 

1  atm  N2+ 

7.2610.81 

5 

HMX1 

1.8  MPa 

4.6410.92 

5 

HMX1 

3.5  MPa 

4.5910.42 

3 
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Figure  96.  Model  NH  (A3n-X3I~)  emission  spectrum  (^,=7^=2500  KV 


NH  emission  intensity,  arb  units 


0.3 


3 

€ 

<0 

sj 

w 

c 

» 


c 

o 

V) 

v> 

E 

<u 


0.2  H 


0.1  H 


o.o  H — 

327.5 


Wavelength,  nm 


Figure  100.  Model  NH  (A3FI-X3I')  emission  spectrum  (Tv=Tp=2500  K). 
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Figure  101.  Model  NH  (A3ri-X3D  emission  spectrum  n\,=T,^5000  K). 
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Figure  102.  NH  (A3n-X3L~)  emission  spectrum.  CH4/N2O  flame, 

replotted  to  emphasize  328  nm  region. 
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5.0.  LASER-INDUCED  FLUORESCENCE  EXPERIMENTS 


Although  emission  spectroscopy  has  the  attractive  features  of  relatively  low  cost  and 
simplicity,  the  drawbacks  are  important.  Emission  occurs  from  a  chemically-excited  upper 
state  of  a  given  molecule,  so  the  emission  is  characteristic  of  that  upper  state  of  the  molecule, 
not  the  much  more  prevalent  (and  thus  kinetically  important)  ground  state  of  the  molecule.  The 
spatial  resolution  of  emission  measurements  may  not  be  sufficient  to  resolve  processes  of 
interest,  especially  since  the  emission  is  collected  as  a  line  of  sight  measurement.  The  temporal 
resolution  may  also  be  insufficient.  For  all  these  reasons,  modem  laser-based  combustion 
diagnostics  are  usually  used  when  spatially  and  temporally  resolved  species  concentration  and 
temperature  measurements  are  required.  The  temporal  resolution  for  single-pulse  experiments 
is  on  the  order  of  the  laser  pulse  width  (typically  tens  of  ns),  while  the  spatial  resolution  is 
determined  by  the  imaging  of  focussed  laser  beams  (100  pm  or  less  is  possible).  Species  can 
also  be  probed  that  do  not  emit  under  flame  conditions. 

5.1.  OH  LIF  EXPERIMENTS  (PART  1) 

The  initial  LIF  measurements  in  solid  propellant  flames  were  performed  with  OH  LIF. 
OH  is  not  the  most  interesting  species  from  a  chemical  standpoint  in  propellant  flames  since 
OH  is  found  throughout  the  flame,  but  OH  has  several  advantages.  OH  is  the  radical  present  in 
the  highest  concentration  in  most  flames,  with  the  possible  exception  of  NO,  and  therefore  will 
have  the  largest  signal-to-noise  ratio  (all  other  factors  being  equal).  OH  is  the  most  common 
radical  studied  with  LIF,  so  the  spectroscopy  is  well-known.  The  region  of  the  spectrum 
where  OH  is  found  is  conveniently  accessible  to  frequency-doubled  Nd:YAG-pumped  dye 
lasers,  which  is  what  was  available  at  the  beginning  of  this  part  of  the  project.  Thus,  OH  had 
many  advantages.  The  information  desired  from  this  part  of  the  project  included  the  answers  to 
the  following  questions: 

(1)  Can  laser-induced  fluorescence  measurements  be  made  in  the  hostile 

environment  of  a  solid  propellant  flame? 

(2)  At  what  pressure  do  quenching  and  other  pressure-dependent  processes  make 

LIF  measurements  in  solid  propellant  flames  impossible? 

(3)  Can  these  pressure-dependent  phenomena  (quenching,  self-absorption,  etc.)  be 

characterized  in  propellant  flames? 

For  these  initial  experiments,  the  OH  transition  pumped  was  chosen  by  determining  the 
strongest  fluorescence  (as  seen  on  the  Reticon)  while  tuning  the  laser  from  306  to  309  nm  (see 
Fig.s  109  to  122).  In  this  way  the  pump  wavelength  was  chosen  as  306.42  nm,  pumping  the 
Rj7  and  R(  1 1  transitions.  An  illustration  of  the  resulting  fluorescence  in  the  methane/oxygen 
flame  is  shown  in  Fig.  123.  For  comparison  purposes,  an  OH  emission  spectrum  is  shown  in 
Fig.  4.1.10.  As  expected  from  pumping  the  Rj7  and  Rj  1 1  transitions,  the  Qj8,  Qjl2,  Pj9, 
and  Pj  13  lines  are  accentuated  in  the  fluorescence  spectrum. 

If  the  OH  fluorescence  is  generated  in  an  AP  propellant  flame  at,  for  example,  2  mm 
above  the  surface  at  0.8  MPa  (100  psig),  the  spectrum  shown  in  Fig.  124  is  obtained.  As  can 
be  seen,  the  scattering  at  the  laser  wavelength  is  greatly  accentuated  (2-3  orders  of  magnitude) 
over  the  value  found  in  the  methane/oxygen  flame.  As  the  surface  of  the  strand  is  approached 
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the  scattering  increases  still  more,  making  data  interpretation  difficult.  This  scattering  can  be 
mostly  eliminated  by  closing  the  intermediate  slit  of  the  filter  stage  of  the  Triplemate 
spectrometer.  This  yields  the  fluorescence  spectrum  shown  in  Fig.  125.  This  was  successful 
in  the  API  propellant  flame  up  to  pressures  of  2.2  MPa  (Fig.  126).  In  the  discussion  that 
follows,  the  intensity  of  the  fluorescence  is  usually  characterized  by  the  height  of  the  peak  at 
310.6  nm  when  the  Reticon  was  used.  Using  the  1/2  meter  monochromator  and 
photomultiplier  tube  to  analyze  the  fluorescence  from  the  propellant  flame  was  more  difficult 
because  the  scattered  light  rejection  of  the  single  monochromator  was,  understandably,  much 
poorer  than  that  of  the  Triplemate.  This  problem  was  alleviated  somewhat  by  setting  the 
spectrometer  on  the  Pj  13  peak  (315.1  nm),  as  far  removed  as  possible  from  the  laser 
wavelength  (306.42  nm).  This  arrangement  generally  minimized  the  scattered  light  at  the  laser 
wavelength  reaching  the  detector,  although  measurements  near  the  surface  caused  sufficient 
scattering  to  swamp  the  fluorescence  signal.  Gating  the  the  detector  on  after  the  pulse  passed 
through  the  collection  volume  reduced  the  amount  of  scattered  laser  light  being  detected,  but 
also  reduced  the  fluorescence  signal  significantly.  A  typical  trace  of  the  intensity  of  the  315.1 
nm  line  as  a  function  of  time  during  the  propellant  bum  is  shown  in  Fig.  127.  Fig.  127  shows 
a  10  pulse  average  of  the  fluorescence.  Single-pulse  measurements  showed  more  scatter, 
demonstrating  the  necessity  for  a  pulse-to-pulse  laser  output  energy  measurement  to  correct  for 
pulse  energy  variations. 

The  OH  fluorescence  intensity  is,  not  surprisingly,  quite  dependent  on  the  type  of  solid 
propellant  burned.  The  stoichiometry  in  a  solid  propellant  flame  can  vary  dramatically  when  an 
oxygen-rich  ingredient  like  AP  is  replace  by  a  more  balanced  ingredient  like  HMX  or  a  fuel- 
rich  ingredient  like  a  typical  binder.  This  is  illustrated  in  Table  15,  which  shows  the  variation 
in  calculated  flame  temperature  and  calculated  equilibrium  OH  mole  fraction  between  several 
propellants  with  varying  compositions.  In  some  early  experiments,  it  was  found  that  the 
fluorescent  intensity  in  the  flame  tends  to  follow  the  trends  in  equilibrium  OH  concentration,  a 
reasonable  result  given  the  relationship  between  OH  concentration  and  OH  fluorescence.  The 
intensity  of  OH  emission  from  these  flames  also  follows  this  trend.  The  rest  of  this  section 
describes  experiments  with  API  propellant.  One  variable  not  held  constant  in  these  early 
experiments  was  the  attenuation  of  the  laser  beam  in  the  propellant  flame  due  to  scattering  from 
the  particulate  matter  in  the  flame  (and  thus  reduction  of  the  laser  intensity  reaching  the 
collection  volume).  This  is  an  important  phenomenon  since  the  scattering  from  propellant 
flames  varies  dramatically  depending  on  the  propellant  composition  and  the  pressure.  For 
example,  measurements  of  fluorescent  intensity  as  a  function  of  pressure  for  the  API 
propellant  showed  the  attenuation  of  the  laser  beam  was  a  fairly  linear  function  of  pressure  as  is 
shown  in  Fig.  128.  This  large  attenuation  at  the  higher  pressures  indicates  that  it  would  be 
difficult  to  achieve  saturation  of  the  fluorescence  at  these  pressures.  Actually,  the  data  we  have 
to  date  indicates  that  saturation  cannot  be  achieved,  even  at  0.8  MPa.  This  data  is  shown  in 
Fig.  129,  where  data  from  both  detector  systems  is  included.  The  best  fit  (linear  regression) 
line  has  a  y-intercept  of  0.02.  Thus  the  overall  behavior  is  reasonable,  although  the 
reproducibility  of  the  data  leaves  a  lot  to  be  desired.  Saturated  fluorescence  is  preferred  for  OH 
concentration  measurements  (Ref.  16,205).  Whether  the  data  scatter  is  a  characteristic  of  the 
AP  propellant  flame  or  is  due  to  inadequately  optimized  experimental  technique  remains  to  be 
determined.  When  fluorescence  data  taken  at  various  pressures  is  scaled  to  the  same  laser 
intensity  in  the  flame  (with  the  aid  of  Fig.  129),  the  initially  scattered  data  falls  on  a  line.  This 
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is  illustrated  in  Fig.  130.  This  trend  comes  from  a  fairly  small  number  of  experiments  (13)  and 
thus  must  be  considered  preliminary.  It  is  interesting  nonetheless.  Fluorescence  has  been 
detected  at  3.5  MPa  (500  psig),  although  the  AP  propellants  bum  erratically  in  the  combustor  at 
pressures  much  above  2  MPa  (Ref.  1).  Another  important  aspect  of  the  propellant  flame  is  the 
vertical  distribution  of  fluorescence.  In  general,  OH  is  not  restricted  to  the  primary  reaction 
zone  of  a  flame,  but  rather  is  found  throughout  the  flame.  This  distribution  was  seen  in  OH 
emission  in  propellant  flames  (Ref.  2).  Confirmadon  of  this  distribution  was  found  with  OH 
fluorescence,  as  is  shown  in  Fig.  131.  OH  emission  data  from  a  similar  pressure  is  included 
for  comparison.  This  distribution  should  not  be  influenced  by  variations  in  scattering  in  the 
flame  since  previous  measurements  have  shown  the  flame  scattering  to  be  fairly  constant  with 
height  above  the  surface  (except  very  near  the  surface)  (Ref.  1).  At  the  higher  pressure  of 
these  experiments,  self-absorption  should  be  more  important  an  effect  than  at  the  lower 
pressures  (atmospheric  and  below)  typically  encountered  in  flame  diagnostic  experiments.  To 
determine  the  influence  of  self-absorption,  the  laser  focus  was  translated  from  one  edge  of  the 
flame  to  the  other  and  the  fluorescence  monitored.  As  shown  in  Fig.  132,  the  profile  is 
symmetrical  from  one  edge  of  the  flame  to  the  other,  indicating  little  effect  of  self-absorption. 
This  is  rather  surprising  and  awaits  further  analysis. 

These  results  have  several  implications.  Perhaps  the  most  important  is  the  large 
scattering  and  attenuation  of  the  laser  beam  that  occurs  in  the  propellant  flame.  Thus  the 
environment  is  much  closer  to  a  highly  sooting  flame  than  a  typical  laboratory  flame.  For  this 
reason,  any  flame  diagnostics  that  are  to  be  applied  to  propellant  flames  must  have  some 
method  of  discriminating  between  the  desired  signal  (Raman,  LIF,  etc.)  and  the  scattered 
radiation.  For  example,  two-dimensional  imaging  of  fluorescence  onto  a  Vidicon-type  detector 
will  be  impossible  without  some  sort  of  high  quality  filter  (a  spectrometer,  perhaps?)  to 
discriminate  between  the  desired  signal  and  spurious  scattering.  Another  implication  is  that 
careful  attention  must  be  paid  to  the  atu  nuation  of  the  laser  during  an  experiment,  since 
saturation  is  difficult  and  the  signal  is  proportional  to  the  actual  laser  intensity  in  the  collection 
volume. 


Table  15.  Influence  of  propellant  composition  on  OH  LIF  intensity 


Propellant 

API 

A 

B 

C 

HMX1 

Composition,  wt  % 

AP 

87 

80 

67 

0 

0 

HMX 

0 

0 

0 

62 

73 

binder 

non-energetic 

non-energetic 

energetic 

energetic 

energetic 

Adiabatic  flame  T,  K 

2900 

2200 

2900 

2400 

2600 

Mole  fraction  OH  at  T 

2X10-2 

8X10-5 

2X10-2 

4X1  O'4 

1X10-3 

OH  LIF  intensity  (rel)’1 

1.0 

0.1 

0.7 

0.15 

0.08 

OH  emis.  intens.  (rel)* 

1.0 

0.002 

0.98 

0.02 

0.004 

*at  0.8  MPa  and  1.5  mm  above  surface 


101 


Figure  109.  OH  (A2S-X2ID  LIF.  CH^/Po  flame.  306.38  nm  excitation.  3-4  mJ/pulse  in 
flame,  Reticon  detector,  700  pixels,  0.0175  nm  pixel  dispersion,  500/100  p.m  slits,  12  pulse 
signal  accumulation,  5  jas  gate  width  on  Reticon  pulser. 


Figure  110.  Same  as  Figure  109.  306.42  nm  excitation. 


102 


5/85-3,  306.51  nm  excitation 


OH  LIF  Intensity  OH  LIF  Intensity 


Figure  113.  Same  as  Figure  109.  306.65  nm  excitation. 
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Figure  114.  Same  as  Figure  109.  306.75  nm  excitation. 
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Figure  115.  Same  as  Figure  109.  306.81  nm  excitation 


Figure  116.  Same  as  Figure  109.  306.86  nm  excitation 


16 


5/85-13,  307.03  nm  excitation 


Figure  121.  Same  as  Figure  109.  307.03  nm  ext 


Figure  122.  Same  as  Figure  109. 
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Figure  124.  OH  (A^I-X^ID  LIF.  API  propellant  flame.  4  mm  above  surface,  306.38  nm 
excitation,  3.5  mJ/pulse  in  flame  (est.),  Reticon  detector,  700  pixels.  0.0175  nm  pixel 
dispersion  (laser  line  intensity=8000  on  Y  axis),  500/200  (am  slits,  intermediate  slit  on 

Triplemate=8  mm. 
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305.0  307.5  310.0  312.5  315.0  317.5 
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Figure  125.  OH  (A2Z-X21T>  L1F.  API  propellant  flame.  0.45  MPa,  1.5  mm  above  surface, 
306.42  nm  excitation,  3.5  mJ/pulse  in  flame,  Reticon  detector,  700  pixels,  0.0175  nm  pixel 
dispersion,  12  pulse  signal  accumulation,  500/200  [lm  slits,  intermediate  slit  on  Triplemate=6 
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Figure  127.  OH  (A2X-X2IT)  LIF.  API  propellant  flame.  0.8  MPa,  4  mm  above  surface, 
306.42  nm  excitation,  315.1  nm  observed,  4.3  mJ/pulse  in  flame,PMT  detector,  10  pulse 

averaging. 
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Figure  128.  Laser  transmittance  through  flame  as  a  function  of  pressure.  API  propellant.  h=4 
mm,  laser  intensity  (in  absence  of  flame):  4.3  mJ/pulse. 
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Figure  129.  OH  LIF  intensity  as  a  function  of  laser  power.  API  propellant,  h=4  mm,  0.8 
MPa.  309.2  and  3 10.6  nm  data  points  are  average  of  5  scans/experiment  on  Reticon;  315.1 
nm  points  are  average  intensity  on  PMT  during  experiment. 
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scaled  to  3.5  mJ/pulse  attenuated  laser  energy  in  flame)  as  a 
API  propellant,  h=4  mm,  306.42  nm  excitation. 
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Figure  131.  OH  LIF  and  emission  intensities  as  a  function  of  distance  above  surface.  LIF:  0.8 

MPa;  emission,  0.2  MPa. 
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Figure  132  OH  LIF  intensity  as  a  function  of  horizontal  position  in  flame.  API  propellant, 
0.8  MPa,  4.3  mJ/pulse,  315. 1  nm  LIF  line  monitored  on  PMT. 
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5.2.  CN  LIF  EXPERIMENTS  (Ref.  7,8) 


The  CN  systems  chosen  for  excitation  and  detection  were  selected  primarily  to 
minimize  the  interference  of  the  large  Mie  scattering  signal  with  the  detected  LIF  signal.  The 
LIF  experiments  involved  exciting  the  bandhead  of  the  0,1  band  of  the  CN  B-X  transition  and 
observing  the  resulting  LIF  in  the  0,0  band.  There  are  advantages  and  disadvantages  to  this 
scheme.  The  main  advantage  is  that  the  excitation  wavelength  (421.5  nm,  see  Figure  133)  is 
well  removed  spectrally  from  the  detected  LIF  wavelength  (typically  388.3  nm).  A  filter 
(Ealing  35-3110,  390  nm  center  wavelength,  11.5  nm  bandwidth,  30%  peak  transmission) 
was  used  in  the  CN  LIF  experiments  in  propellant  flames  to  aid  in  the  rejection  of  scattered 
laser  light.  CN  fluorescence  obtained  in  a  CH4/N2O  flame  by  exciting  the  CN  0,1  bandhead  is 
illustrated  in  Figures  134  and  135  for  the  PMT  detector.  The  bandwidth  of  the  laser  was  larger 
than  the  CN  line  separation  in  the  0,1  bandhead  region  (Ref.  163,174),  so  several  lines  near 
the  bandhead  were  being  excited.  The  prominent  lines  excited  in  the  R  branch  are  R(20)- 
R(23),  indicating  that  P(22)-P(25)  in  the  0,1  band  are  being  excited  (the  bandhead  is  P(23) 
(Ref.  174)).  A  corresponding  CN  LIF  spectrum  is  shown  in  Figure  136  for  the  Reticon 
detector.  A  similar  spectrum  in  an  API  propellant  flame  is  shown  in  Figure  137.  The 
corresponding  emission  spectrum  is  shown  in  Figure  138.  Note  the  lower  resolution,  as 
compared  to  Figure  4.3.1.  The  signal  levels  were  low  enough  that  propellant  experiments 
required  maximum  signal,  which  was  obtained  at  lowest  resolution.  Only  API  propellant 
yielded  intense  enough  CN  LIF  signals  to  be  analyzed  with  the  Reticon.  Experiments  with  the 
Reticon  were  typically  performed  by  controlling  the  surface  position  and  measuring  the  CN 
LIF  intensity  at  a  given  point  above  the  surface.  The  results  of  these  early  experiments  are 
shown  in  Figure  139.  The  reproducibility  of  these  experiments  was  not  high  and  the  PMT 
detector  was  used  for  most  of  the  subsequent  CN  LIF  experiments.  Typically,  propellant 
experiments  using  the  PMT  detector  were  performed  by  setting  the  spectrometer  on  the  388.3 
nm  P  branch  bandhead  peak  and  monitoring  the  fluorescence  as  the  propellant  burned  down 
through  the  collection  volume,  as  illustrated  in  Figures  140  and  141.  The  temporal  resolution 
of  such  as  system  is  directly  related  to  the  speed  at  which  data  can  be  collected,  so  single-pulse 
data  acquisition  and  high  laser  repetition  rates  were  desirable. 

The  concept  of  exciting  and  observing  different  band  systems  has  been  used  in  several 
previous  LIF  studies,  especially  those  involving  two-dimensional  imaging  (Ref.  17,175,176). 
Imaging  of  liquid  propellant  combustion  also  requires  this  type  of  excitation-detection  scheme 
to  minimize  the  scattering  from  liquid  droplets  (Ref.  177).  One  of  the  disadvantages  of  such  a 
scheme  is  that  the  transition  probability  is  smaller  than  the  transition  probability  for  a  "excite 
0,0  -  detect  0,0"  experiment  such  as  the  OH  LIF  just  described.  Another  disadvantage  to 
exciting  the  0,1  band  is  that  the  v"=l  population  is  more  sensitive  to  temperature  than  the  v"=0 
population.  Future  CN  LIF  experiments  in  propellants  will  probably  involve  the  excitation  of 
the  0,0  bandhead  and  the  observation  of  the  LIF  in  the  0,1  band.  A  discussion  of  the  relative 
merits  of  several  LIF  methods  can  be  found  in  (Ref.  175).  The  discussion  of  CN  LIF  results 
in  propellant  flames  is  divided  up  into  sections  by  the  propellant  studied. 
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API  propellant 


The  study  of  the  AP  propellant  flame  with  CN  LIF  had  several  goals.  The  initial  goals 
were  to  determine  if  the  CN  molecule  was  indeed  confined  to  a  small  region  near  the  surface 
and  to  determine  if  this  region  could  be  successfully  probed  in  solid  propellant  flames. 
Another  goal  was  to  determine  if  the  disappearance  of  the  CN  emission  with  increasing 
pressure  corresponded  to  the  disappearance  of  the  CN  molecule  itself  or  was  due  to  some  other 
effect.  Initially,  the  CN  LIF  experiments  were  performed  with  the  Reticon  detector.  As 
previously  discussed,  the  weakness  of  the  CN  LIF  signal  meant  that  the  signal  had  to  be 
integrated  on  the  detector  for  for  10-20  laser  pulses,  thus  only  experiments  in  which  the  surface 
was  maintained  at  a  constant  level  could  be  performed.  In  Figure  139,  the  results  of  a  series  of 
such  experiments  is  illustrated.  At  a  constant  pressure  of  1  atm  (nitrogen),  the  CN  LIF 
intensity  was  seen  to  extend  from  the  surface  to  about  1  mm.  The  distance  scale  on  the  figure 
is  the  set  value  of  the  control  system  and  variations  in  control  of  surface  position  lead  to  errors 
in  this  value.  Fluctuations  in  surface  position  undoubtedly  account  for  much  of  the  spread  in 
the  data  seen  in  Figure  139.  Because  of  the  poor  data  quality  and  the  poor  time  resolution,  the 
distribution  of  CN  was  studied  more  thoroughly  with  the  more  sensitive  PMT  system.  The 
surface  control  problem  was  skirted  by  taking  single  pulse  data  as  the  propellant  burned  down 
through  the  collection  volume,  in  essence  collecting  a  CN  profile  in  a  single  experiment.  Such 
an  experiment  is  illustrated  in  Figure  140.  Two  channels  of  data  are  collected  in  such  an 
experiment  (see  Figure  2.1.2).  The  1/2-meter  monochromator  was  set  to  the  peak  of  the  peak 
of  the  0,0  LIF  spectrum  (-388.3  nm)  and  one  data  channel  was  the  intensity  of  this  LIF  peak 
as  a  function  of  time.  The  second  data  channel  was  the  split-off  portion  of  the  laser  beam  after 
passing  through  the  combustor.  As  illustrated  in  Figure  140,  this  data  channel  yields  the 
(approximate)  position  of  the  surface  since  the  transmission  of  the  laser  beam  is  zero  while  the 
propellant  surface  is  above  the  collection  volume  (and  the  laser  beam).  Near  the  propellant 
surface,  the  laser  beam  is  partially  obscured  by  the  surface.  This  effect  is  similar  to  the 
"vignetting"  of  the  laser  beam  caused  by  the  burner  surface  in  gas  flame  experiments.  In  these 
propellant  experiments,  vignetting  of  the  beam  would  be  seen  in  the  transmission  curve  as  a 
non-instantaneous  change  from  0  to  100%  transmission  as  the  surface  passes  through  the 
collection  volume.  Referring  to  Figure  140,  this  "rise  time"  distance  is  approximately 
equivalent  to  one-half  of  the  beam  diameter  at  the  edge  of  the  propellant  strand,  or  -100  p.m.  A 
related  problem  would  be  caused  by  a  non-planar  propellant  surface  (or  a  non-planar  laser 
beam).  In  certain  cases,  a  non-planar  surface  would  cause  the  LIF  signal  to  be  delayed  in  time 
from  the  initial  transmission  of  the  laser  beam  across  the  surface,  while  in  other  cases,  a  non- 
planar  surface  would  cause  the  disappearance  of  the  LIF  signal  altogether.  Inhibition  of  the 
sides  of  the  propellant  strands  helps  to  minimize  non-planar  burning,  but  in  general,  replication 
of  experiments  was  deemed  to  be  the  best  way  to  minimize  the  influence  of  this  problem.  Yet 
another  problem  with  laser  diagnostics  in  propellant  flames  is  the  roughness  of  the  surface 
itself.  This  roughness  is  especially  prominent  in  AP  propellants,  where  surface  features  on  the 
order  of  the  AP  particle  size  (100's  of  p.m)  have  been  seen  in  SEM  studies  of  quenched 
propellant  surfaces  (Ref.  178).  This  roughness  could  also  delay  in  time  the  transmission  of  the 
laser  beam  relative  to  the  LIF  signal,  as  well  as  obscure  the  LIF  signal  itself.  With  that 
background  in  mind,  the  results  of  such  an  experiment  with  AP  propellant  burning  at  1  atm 
under  nitrogen  is  shown  in  Figure  141.  With  an  AP  propellant  bum  rate  of  1.7  mm/s  under 
these  conditions,  the  75  Hz  data  collection  rate  corresponds  to  a  surface  regression  of 
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approximately  23  |i.m  between  data  points.  Theoretically,  the  surface  is  precisely  located  at  the 
point  where  the  first  transmission  occurs,  which  first  becomes  non-zero  when  the  propellant 
surface  initially  passes  through  the  collection  volume  (and  LIF  beam).  However,  in  many  such 
experiments,  the  initial  LEF  signal  is  seen  to  occur  "below"  the  surface,  indicating  that  the  LIF 
laser  beam  is  probably  slightly  non-level.  In  experiments  where  the  CH4/N2O  flame  on  the 
0.25-inch  tubing  burner  was  moved  down  through  the  collection  volume,  the  same  effect  was 
seen  when  the  flame  was  inside  the  combustor,  but  was  not  evident  when  the  combustor  head 
was  removed.  Apparently  the  first  combustor  window  that  the  laser  beam  passes  through  is 
not  perfectly  perpendicular  to  the  beam  and  causes  the  beam  to  be  deflected  slightly  downward, 
causing  the  apparent  subsurface  CN  LIF.  This  is  not  a  serious  problem,  since  the  surface  is 
located  well  enough  to  analyze  tl)e  results.  The  results  of  a  series  of  these  experiments  gave  a 
reaction  zone  thickness  (defined  in  Figure  139)  of  -600  (am  for  the  AP  propellant  at  1  atm. 
Figure  141  can  be  compared  to  Figure  6,  showing  the  improvement  in  tracing  out  the  CN 
profile  obtainable  with  this  technique  (with  both  techniques  limited,  as  previously  stated,  by 
difficulties  within  -100  pm  of  the  surface).  Pulse  averaging  could  be  performed  to  improve 
the  appearance  of  the  CN  profile  data,  as  shown  in  Figure  142  where  the  gated  integrator  was 
(inadvertently)  set  to  collect  the  data  as  a  10  pulse  average,  although  pulse  averaging  decreases 
the  temporal  resolution  of  the  system  and  was  not  commonly  employed.  The  influence  of 
pressure  on  the  CN  distribution  was  investigated  with  the  Reticon  and  PMT  systems,  with  the 
results  confirming  the  rapid  disappearance  of  the  CN  at  pressures  above  atmospheric.  This  is 
illustrated  in  Figure  143.  It  must  be  emphasized  that  the  interpretation  of  this  data  is 
complicated  by  effects  such  as  self-absorption  (see  later  discussion),  although  we  believe  the 
disappearance  of  the  CN  molecule  is  real  and  due  to  changes  in  the  propellant  flame  structure 
with  pressure  (diffusion  flame  structure  replacing  premixed  flame  structure  as  pressure 
increases). 

Saturation  of  the  LIF  has  not  been  obtained  yet  in  these  experiments.  The  CH4/N2O 
flame  could  easily  be  saturated  at  -2  mJ/pulse.  However,  the  propellant  experiments  were 
typically  performed  at  maximum  laser  power  (-8-10  mJ/pulse  inside  the  combustor)  with  no 
evidence  of  saturation.  As  a  comparison,  a  CN  LEF  signal  equivalent  in  intensity  to  that  seen  in 
Figure  141  could  be  obtained  in  the  inner  cone  of  a  slightly  rich,  premixed  CH4/N2O  flame 
with  0. 1  mJ/pulse.  This  is  graphic  evidence  of  how  much  weaker  the  CN  LIF  signal  is  in  the 
solid  propellants  examined,  probably  indicating  a  much  lower  CN  concentration.  A  rough 
estimate  would  be  that  the  CN  concentration  is  probably  about  a  factor  of  100  less  than  that 
seen  in  the  CH4/N2O  flame  (estimated  to  be  -1012  cm‘3  (Ref.  179)),  or  very  approximately 
10 12  cm'3.  This  is  a  rough  estimate  because  the  chemical  environment  encountered  by  the  CN 
radical  is  quite  different  in  the  propellant  and  premixed  gas  flames  and  because  the  CH4/N2O 
flame  in  our  laboratory  was  probably  operated  under  somewhat  different  conditions  than  the 
burner  in  (Ref.  179). 

The  intensity  of  the  CN  LIF  (as  measured  by  the  peak  in  the  CN  LIF  distribution) 
decreased  rapidly  with  pressure,  although  the  thickness  of  the  reaction  zone  was  not  similarly 
affected.  This  can  be  seen  in  Figure  143,  confirming  the  earlier  CN  emission  results.  As 
previously  discussed,  the  influence  of  pressure  on  LIF  is  not  well  understood,  so  the  behavior 
shown  in  Figure  143  is  only  indicative  of  a  trend,  not  an  absolute  measure  of  the  CN 
concentration  decrease.  However,  OH  LIF  results  (and  CN  LIF  results  in  other  propellants)  at 
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pressures  up  to  3.5  MPa  imply  that  the  trend  shown  in  Figure  143  is  indicative  of  CN 
concentration  and  not  an  artifact  of  the  LIF  process.  Thus,  two  different  diagnostic  techniques 
have  confirmed  the  rapid  disappearance  of  the  CN  radical  at  pressures  below  about  0.5  MPa. 
These  results  may  be  compared  to  the  experimental  data  of  Kubota,  et  al  (Ref.  45,180,181), 
where  temperature  traces  (very  fine  thermocouples)  have  shown  that  AP/HTPB  propellants 
appear  to  require  more  than  400  pm  to  reach  the  maximum  flame  temperature,  a  distance  that 
can  be  reduced  by  replacing  the  HTPB  binder  with  a  polyester  or  CMDB  binder.  The 
connection  between  temperature  and  radical  distributions  is  not  clear  in  the  AP  flame  at  this 
point,  although  in  most  flames  the  maximum  temperature  is  reached  in  the  luminous  flame  zone 
which  follows  the  primary  reaction  zone,  not  in  the  primary  reaction  zone  itself  (Ref.  46,104). 

The  characteristics  of  the  radicals  examined  thus  far  in  AP  composite  propellants  (CN, 
NH,  CH,  and  OH)  are  not  particularly  surprising  in  light  of  past  and  current  modeling  of  AP 
combustion  (Ref.  107,113,182).  The  flame  structure  above  the  surface  of  an  AP  composite 
propellant  is  thought  to  consist  of  multiple  flames:  the  "monopropellant"  flame  between 
(among)  the  decomposition  products  of  the  AP  itself  (NH3,  CIO,  OH,  O2),  the  "primary" 
flame  between  the  the  oxidizers  in  the  AP  and  the  fuel-rich  decomposition  products  of  the 
binder,  and  the  "final"  flame  where  the  leftovers  of  the  first  two  flames  complete  the 
combustion.  The  relative  importance  of  these  flames  varies  dramatically  with  pressure.  At  low 
pressures,  flame  reaction  rates  are  slow  and  diffusion  is  fast,  leading  to  the  formation  of  a 
premixed  flame  above  the  surface.  As  pressure  is  increased,  the  reaction  rate  increases  and 
diffusion  slows  to  the  extent  that  the  primary  flame  between  the  oxidizer  decomposition 
products  and  the  fuel  decomposition  products  becomes  a  diffusion  flame.  At  still  higher 
pressures,  the  (always  premixed)  monopropellant  flame  becomes  controlling.  The  chemical 
character  of  premixed  flames  and  diffusion  flames  is  quite  different  (Ref.  46,104).  In  a 
premixed  flame,  the  reactant  molecules  are  largely  broken  up  by  radical  attack.  In  contrast,  in  a 
diffusion  flame  the  initial  reactant  molecules  (especially  the  fuel)  are  significantly  degraded  by 
pyrolysis  before  reaching  the  flame  front.  Thus,  while  a  CH4/O2  premixed  flame  shows 
emission  from  CH  and  C2  radicals  (characteristic  of  radical  attack  on  CH4),  a  CH4/O2 
diffusion  flame  shows  only  OH  and  CO  +  O  emission,  indicating  that  the  fuel  has  been 
significantly  degraded  to  carbon  before  being  attacked  by  oxidizers  (Ref.  46,104).  Thus,  the 
AP  propellant  experimental  data  indicates  that  the  transition  of  the  primary  flame  from  premixed 
to  diffusion  flame  is  essentially  complete  at  0.5-0.8  MPa  (50-100  psig).  The  lack  of  emission 
from  the  monopropellant  flame  (NH  emission  might  reasonably  be  expected)  may  be  due  to  the 
low  monopropellant  flame  temperature  (1400  K).  Note  that  the  primary  flames  of  the  largest 
particles  are  probably  already  diffusion-controlled  at  atmospheric  pressure,  thus  the  observed 
CN  is  probably  from  the  primary  flames  above  the  small  AP  particles  (Ref.  113).  These 
radical  distributions  are  somewhat  larger  than  the  distributions  implied  by  most  solid  propellant 
models,  if  one  takes  the  peak  of  the  CN  concentration  to  correspond  »o  the  flame  height.  For 
example,  Beckstead,  et  al  (Ref.  1 15)  calculate  a  "heat  transfer  distance"  of  -  300  pm  for  a  200 
pm  AP  propellant  at  1  atm.  Alternatively,  the  "flame  standoff  distance"  (x*)  for  a  kinetically 
limited  flame  can  be  calculated  for  the  AP  propellant  flame  to  be  —150  pm  (Ref.  1 15).  The  link 
between  the  CN  radical  distribution  and  the  heat  transfer-based  concepts  of  standoff  distance 
and  heat  transfer  distance  is  somewhat  tenuous.  Indeed,  one  of  the  (long-term)  goals  of  this 
work  is  to  link  the  flame  chemistry  to  the  heat  transfer  processes  in  the  propellant  flame  to 
allow  the  creation  of  more  effective  prope'lant  combustion  models. 
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This  work  has  several  implications  for  future  AP  composite  propellant  research.  First, 
examination  of  AP  propellant  flames  at  atmospheric  pressure  probably  has  little  application  to 
propellant  combustion  at  higher  pressures  since  the  combustion  chemistry  and  physics  of 
premixed  flames  are  so  totally  different  from  that  seen  in  diffusion  flames.  Additionally,  1  atm 
experiments  in  air  are  doubly  suspect  (Ref.  37),  since  the  diffusion  of  oxygen  into  the  flame  at 
these  pressures  is  so  rapid  that  the  O/F  ratio  in  the  flame  bears  little  resemblance  to  that 
encountered  in  a  "real"  situation,  such  as  in  a  rocket  motor.  A  second  conclusion  is  that  the 
most  common  radical  diagnostics  used  in  premixed  flames  may  have  little  importance  as  AP 
composite  propellant  diagnostics.  Thus,  the  study  of  high  pressure  diffusion-flame  controlled 
AP  propellant  combustion  with  OH,  CN,  or  NH  LIF  shows  little  promise,  since  the  species 
either  aren't  present  in  the  diffusion  flame  (CN,  NH  (?))  or  are  not  an  important  primary  flame 
constituent  (OH).  The  species  of  most  importance  in  the  study  of  diffusion  flame  structure  and 
thus  propellant  decomposition  chemistry  are  probably  the  small  hydrocarbons  such  as  C2H2, 
which  are  produced  in  copious  amounts  in  typical  polymer  pyrolysis  (e.g.,  (Ref.  119)  for 
butadiene  pyrolysis).  The  study  of  these  molecules  requires  a  technique  such  as  laser-Raman 
scattering  or  CARS  (Ref.  25).  The  study  of  binder  chemistry  is  of  much  current  interest  in  AP 
composite  propellant  research  (e.g.,  see  (Ref.  183)).  The  ultimate  goal  is  not  to  create  detailed 
reaction  models  along  the  lines  of  those  for  hydrocarbons  such  as  butane  (Ref.  184), 
containing  400+  reactions  and  requiring  large  investments  of  computer  time,  but  to  create 
simpler  models  which  have  much  smaller  reaction  sets  but  have  other  features  which  allow  the 
modeling  of  more  complex  systems  (such  as  models  for  the  combustion  of  iso-octane  (Ref. 
185)). 


Another  aspect  of  AP  propellant  combustion  that  has  important  diagnostic  implications 
is  the  heterogeneous  nature  of  the  propellant  flame  itself,  and  the  associated  difficulty  of 
relating  a  gas-phase  diagnostic  measurement  to  the  associated  surface  beneath.  In  other  words, 
a  radical  concentration  measurement  is  difficult  to  interpret  if  one  doesn't  know  if  the 
measurement  was  taken  above  a  large  AP  particle,  above  a  small  particle,  above  the  interface 
between  binder  and  AP,  or  whatever.  Without  this  correlation  between  gas  phase  and  surface, 
diagnostic  measurements  like  those  described  in  this  section  can  only  show  average  flame 
structures  (averaged  across  many  possible  surfaces)  or  relative  differences  in  flame  structure 
between  different  formulations.  For  this  reason,  the  CN  LIF  measurements  in  the  AP 
propellants  were  taken  with  2  mm  horizontal  resolution,  averaging  over  many  possible  surface 
structures  to  create  an  "average"  CN  distribution.  Laser  diagnostics  have  the  temporal  and 
spatial  resolution  to  resolve  individual  particle  phenomena  (at  least  for  moderate- si  zed  AP 
particles),  if  one  could  find  a  way  to  link  the  gas  phase  measurement  to  the  surface.  The 
temporal  resolution  of  30  ns  is  much  smaller  than  the  particle  bum  times  (Ref.  138),  and  the 
spatial  extent  of  LIF  measurements  can  be  limited  to  20-50  pm  in  all  three  spatial  dimensions 
(subject,  of  course,  to  signal- to-noise  limitations),  but  the  problem  of  linking  the  gas  phase 
measurement  to  the  surface  still  remains.  A  possibility  to  surmount  this  difficulty  is  to 
construct  model  systems  that  have  a  well-defined,  time-invariant  flame  structure,  such  as 
sandwich  propellants  (Ref.  1 1 1),  although  these  model  systems  have  difficulties  of  their  own. 

The  question  remains,  is  the  trend  shown  in  Figure  143  real?  It  seems  unlikely  that 
quenching  in  the  AP  propellant  flame  is  vigorous  enough  that  the  disappearance  of  CN  is  due 
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only  to  quenching,  for  two  reasons.  First,  CN  LIF  has  been  seen  in  the  HMX  flame  at  3.5 
MPa  (500  psig)  and  it  seems  unlikely  that  the  quenching  enivironment  in  the  AP  propellant 
flame  is  that  dramatically  different.  In  addition,  OH  LIF  showed  dramatically  different 
pressure  behavior  in  the  AP  propellant  flame  (Section  5.1).  When  the  LIF  intensity  was  scaled 
to  correct  for  flame  attenuation  of  the  laser  beam,  the  OH  LIF  intensity  increased  linearly  with 
pressure  between  0.4  and  2.2  MPa.  The  (flat)  OH  concentration  distribution  in  the  portion  of 
the  propellant  flame  examined  is  not  pressure  dependent,  so  flame  structure  changes  shouldn't 
affect  the  OH  results.  An  estimate  of  the  influence  of  self- absorption  was  made  by  moving  the 
collection  volume  from  one  edge  of  the  flame  to  the  other,  with  the  result  that  little  influence  of 
self-absorption  was  seen  at  0.8  MPa  (100  psig).  Thus,  three  main  effects  should  have  an 
influence  on  the  OH  LIF  signal:  quenching  (LIF  i  as  P  T),  total  density  changes  (LIF  T  as  P 
T),  and  chemistry  changes  (radical  formation,  reaction  and  recombination  ?  as  P  T).  The 
relationship  of  these  three  variables  with  the  LIF  intensity  is  complex,  but  it  seems  unlikely  that 
the  processes  for  CN  are  so  different  from  those  for  OH  that  CN  quenching  should  dominate 
CN  LIF  at  pressures  near  0.5  MPa.  Thus,  we  conclude  that  the  decrease  in  CN  LIF  intensity 
with  pressure  in  the  AP  propellant  flame  (Figure  143)  does  in  fact  reflect  a  corresponding 
decrease  in  CN  concentration. 


The  HMX  propellant  has  a  very  different  flame  structure  from  the  AP  propellant  (Ref. 
6).  CN  and  NH  have  been  seen  in  emission  up  to  7  MPa,  and  the  structure  of  the  flame  (as 
seen  in  2-D  imaging  experiments  (Ref.  5))  is  a  much  different  function  of  pressure.  The  CN 
LIF  intensity  of  the  HMX  propellant  was  significantly  less  than  that  of  the  AP  propellant,  so 
only  PMT  experiments  will  be  described.  Similar  experiments  to  those  leading  to  Figure  141 
have  been  performed  in  the  HMX1  and  HMX2  propellant  flame  at  various  pressures.  For 
example,  the  results  of  an  HMX  propellant  experiment  at  0.8  MPa  (115  psia)  are  shown  in 
Figure  144.  A  pulse-averaged  experiment  performed  under  the  same  conditions  is  shown  in 
Figure  145.  The  slight  misalignment  of  the  laser  is  evident  in  Figure  145  but,  after  adjustment 
of  the  collection  optics,  has  disappeared  in  Figure  144.  The  reasons  for  this  are  not  totally 
clear,  but  adjusting  the  collection  optics  could  change  the  position  of  the  collection  volume 
inside  the  laser  beam,  altering  the  relationship  between  transmission  and  LIF.  A  notable 
difference  between  the  results  in  Figures  141  and  144  is  the  increased  number  of  data  points  in 
the  reaction  zone.  However,  the  much  lower  bum  rate  of  the  HMX  propellant  (see  Section 
3.2)  translates  into  a  similar  reaction  zone  thickness  of  ~500  pm  for  the  HMX  propellant  under 
these  conditions.  At  higher  pressures,  on  the  order  of  1  MPa  and  higher,  interference  from 
Mie  scattering  began  to  be  apparent.  The  type  of  interference  seen  is  apparent  in  Figure  146, 
where  a  typical  experiment  along  the  lines  of  Figures  141  and  144  was  performed  at  1.8  MPa, 
but  with  the  laser  "detuned"  so  that  no  LIF  was  possible.  Note  the  short  (3-5  data  points) 
"spikes"  present.  For  a  propellant  with  a  reaction  zone  that  is  (for  example)  100  data  points 
thick  under  these  conditions,  these  spikes  could  probably  be  easily  separated  from  the  LIF 
data.  For  example,  the  corresponding  CN  LIF  experiment  is  illustrated  in  Figure  147.  The 
reaction  zone  is  still  evident.  However,  as  pressure  is  further  increased,  the  propellant  reaction 
zone  (proportional  to  P_1  for  premixed  flames  (Ref.  46))  shrinks  and  the  propellant  bum  rate 
increases  (Section  3.2).  Thus,  the  number  of  data  points  in  the  reaction  zone,  a  measure  of  the 
ease  of  separating  interference  from  the  LIF  signal,  is  doubly  decreased  by  increasing  pressure. 


For  example,  for  a  propellant  with  a  bum  rate  of  5  mm/s  and  a  reaction  zone  thickness  of  500 
p.m,  the  75  Hz  data  collection  rate  of  this  system  implies  that  the  reaction  zone  thickness  (as 
defined  in  Figure  139)  is  ~7  data  points.  The  difficulty  of  differentiating  between  such  an  LIF 
signal  and  the  scattering  seen  in  Figure  146  is  evident.  In  addition,  the  optical  thickness  of 
propellant  flames  increases  swiftly  with  increasing  pressure  (Sections  3.3,  5.1),  leading  to 
much  more  intense  Mie  scattering  at  pressures  on  the  order  of  3.5  MPa  (500  psi).  The  amount 
of  scattering  present  is  quite  dependent  on  the  propellant  formulation  and  stoichiometry,  with 
certain  propellants  having  much  "sootier"  flames  than  others.  The  combination  of  all  these 
difficulties  has  (thus  far)  limited  the  use  of  this  technique  to  pressures  at  or  below  3.5  MPa. 

A  second  HMX  propellant  flame  has  been  examined  with  CN  LIF,  an  80%  HMX 
propellant  quite  similar  to  one  studied  by  Kubota  (propellant  HTPS  in  (Ref.  22)).  An 
interesting  difference  between  the  two  propellants  is  that  propellant  HMX2  has  a  "dark  zone" 
or  "preparation  zone"  while  propellant  HMX1  does  not.  The  dark  zone  is  an  induction  zone 
usually  indicative  of  the  presence  of  NO  (Ref.  29).  Kubota  has  shown  that,  in  certain  cases, 
the  length  of  the  dark  zone  has  no  influence  on  the  propellant  bum  rate  (Ref.  22),  but  the 
chemistry  of  the  dark  zone  is  still  of  interest  (Ref.  29,186).  Propellant  HMX2  is  much  more 
fuel-rich  than  HMX1,  with  a  correspondingly  lower  flame  temperature  (see  Section  3.3). 
Whether  or  not  this  causes  the  larger  dark  zone  remains  to  be  determined.  Kubota's  data 
indicates  that  the  dark  zone  for  propellants  similar  to  HMX2  is  2-2.5  mm  at  1.8  MPa  (18  atm, 
265  psia)  (Ref.  22,187).  In  contrast,  the  dark  zone  for  HMX  CMDB  propellants  is  essentially 
zero  for  HMX  concentrations  greater  than  ~35%  (Ref.  187).  Thus,  the  observation  that  the 
addition  of  TMETN  to  HMX  composite  propellants  eliminates  the  dark  zone  is  not  surprising, 
since  TMETN  is  a  nitrate  ester  as  was  the  double-base  matrix  of  Kubota's  HMX  CMDB 
propellant.  A  typical  CN  distribution  for  propellant  HMX2  is  shown  in  Figures  148.  The 
HMX2  flame  shows  several  obvious  differences  from  the  HMX1  flame.  The  CN  signal  is 
much  smaller  at  the  same  pressure  (probably  indicating  a  lower  CN  concentration),  the  CN  is 
distributed  over  a  much  larger  distance,  and  it  appears  that  the  CN  profile  begins  at  a  point 
about  1  mm  above  the  surface,  rather  than  right  at  the  surface  for  the  AP  and  HMX1  CN 
distributions.  The  data  shown  in  Figure  148  was  taken  after  the  optical  system  was  readjusted 
to  prevent  the  appearance  of  CN  LIF  before  the  initial  transmission  across  the  surface,  thus 
Figure  148  is  not  directly  comparable  to  Figures  143  and  144.  However,  the  much  larger 
"reaction  zone"  in  the  HMX2  propellant  is  a  real  effect.  The  reasons  for  the  scatter  in  the  data 
are  not  yet  clear.  Perhaps  more  important  is  that  the  HMX1  "reaction  zone"  apparently  does 
not  shrink  as  pressure  is  increased  as  one  would  expect  for  a  premixed-type  flame  (Ref.  46). 
The  implication  of  these  results  is  that  the  flame  chemistry  is  quite  different  from  what  one 
would  expect  on  the  basis  of  comparison  to  a  premixed  flame.  This  behavior  should  become 
more  clear  as  more  data  is  collected,  both  for  CN  and  for  other  reaction  zone  radicals  such  as 
NH. 


When  the  CN  distributions  for  the  two  HMX  propellants  are  placed  on  the  same  scale 
(Figure  149),  an  interesting  comparison  emerges.  Propellant  HMX2  has  been  studied  with 
microphotography  (Ref.  22),  with  the  dark  zone  length  reported  as  2-2.5  mm  at  1.8  MPa. 
Apparently,  then,  the  observed  CN  in  the  HMX2  flame  is  seen  in  the  upper  end  of  the  dark 
zone,  coinciding  with  the  rapid  temperature  rise  (and  resulting  NO  consumption)  seen  in  (Ref. 
22).  The  dark  zone  is  usually  considered  to  contain  only  NO,  H2,  and  CO  as  the  reactive 
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species  (Ref.  29,76),  at  least  for  double-base  propellants.  In  spectroscopic  studies  of  flames 
containing  NO,  H2,  and  CO  (Ref.  46),  no  CN  was  seen  in  emission.  Indeed,  the  reaction 
mechanisms  for  NO  supported  flames  do  not  involve  CN  unless  hydrocarbons  are  present 
(Ref.  82,89).  How,  then,  can  the  dark  zone  CN  be  explained?  Kubota  (Ref.  22)  has  reported 
that  significant  amounts  of  hydrocarbons  and  N2O  are  found  in  the  dark  zone  of  HMX 
propellants.  Hydrocarbon/N20  flames  have  been  studied  extensively,  and  CN  is  an  active  pan 
of  the  flame  chemistry  (Ref.  179).  In  fact,  a  CH4/N2O  flame  is  used  in  these  CN  LIF 
experiments  to  adjust  the  laser  wavelength  to  the  CN  transition  because  of  the  (relatively)  large 
amount  of  CN  present.  Thus,  these  results  are  in  agreement  with  Kubota's  data.  It  was 
expected  that  CN  would  be  found  in  the  first- stage  reaction  zone  (next  to  the  surface),  but  the 
relatively  low  signal  levels  in  propellant  HMX2  make  it  difficult  to  determine  at  this  time 
whether  or  not  CN  is  found  in  this  flame  zone.  All  that  can  be  stated  is  that  the  CN 
concentration  in  the  first-stage  reaction  zone  is  apparently  less  than  that  in  the  upper  part  of  the 
preparation  (dark)  zone.  Experiments  are  underway  to  determine  if  CN  can  be  found  in  the 
zone  next  to  the  surface.  In  propellant  HMX1,  much  stronger  CN  LIF  signals  can  be  seen  near 
the  surface,  but  it  can’t  be  determined  at  this  time  whether  this  CN  is  from  the  first-stage 
reaction  zone  or  is  the  dark  zone  CN  from  a  much  smaller  (or  closer  to  the  surface)  dark  zone. 
In  any  case,  the  complexity  of  the  reactions  preceding  the  first-stage  reaction  zone  (Ref.  29,53) 
mean  the  analysis  of  the  first-stage  reactions  will  be  a  difficult  undertaking,  requiring  data  on 
other  molecules  in  addition  to  CN. 

An  AN  propellant  (Ref.  188)  was  examined  with  emission  spectroscopy  and  CN  LIF  to 
study  the  flame  structure.  Interestingly,  no  emission  could  be  seen  from  CH,  NH,  and  OH 
and  only  weak  emission  from  CN  was  seen  under  conditions  where  both  the  AP  and  HMX 
propellants  had  shown  strong  emission.  The  reasons  for  this  are  not  clear  at  this  point  (lower 
flame  temperature?),  although  the  chemistry  in  the  AN  propellant  is  undoubtedly  quite  different 
from  that  in  the  AP  and  HMX  flames.  The  AN  propellant  was  quite  sooty,  with  visible 
glowing  particles  in  the  flame.  This  sootiness  was  evident  in  CN  LIF  experiments,  where  the 
increasing  scattering  in  the  flame  was  evidenced  by  many  "spikes"  in  the  data.  These  spikes 
occur  when  particles  pass  through  the  collection  volume  and  are  struck  by  the  laser  beam, 
causing  large  signals  at  the  laser  wavelength.  These  signals  are  large  enough  to  overcome  the 
filtering  in  the  collection  system  and  appear  in  the  LIF  data.  An  example  of  such  an  experiment 
is  shown  in  Figure  150.  Because  of  the  sootiness  of  the  AN1  propellant  flame,  only  0.8  MPa 
(115  psia)  CN  LIF  results  have  been  successfully  obtained  so  far.  The  average  reaction  zone 
thickness  of  the  AN1  propellant  at  0.8  MPa  was  ~600  p.m.  This  is  a  rough  answer  made  by 
estimating  the  background  underlying  the  large  number  of  spikes.  Obviously,  this  propellant  is 
not  easily  accessible  with  laser  diagnostics. 

An  interesting  comparison  to  make  between  the  various  propellants  is  suggested  by  the 
data  presented  in  (Ref.  46),  where  reaction  zone  thicknesses  for  premixed  flames  are  compared 
at  various  pressures  and  burning  velocities  (flame  stoichiometries).  It  was  found  that  the 
reaction  zone  thickness  was  inversely  proportional  to  pressure  and  to  flame  speed.  The  bum 
rate  of  a  solid  propellant  is  not  strictly  analogous  to  the  flame  velocity  of  a  premixed  flame, 
since  it  is  possible  to  change  the  propellant  burn  rate  without  changing  the  propellant 
stoichiometry  and  vice  versa,  but  a  comparison  in  terms  of  bum  rate  is  enlightening.  The 
available  propellant  data  is  shown  in  Figure  150.  The  lack  of  a  trend  (especially  for  the  HMX 
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propellants)  may  indicate  serious  departures  from  premixed-flame-type  behavior,  but  more 
probably  is  indicative  of  the  fact  that  CN  is  found  in  several  flame  zones  and  that  care  must  be 
taken  to  assure  that  consistent  comparisons  are  made  in  the  complex  propellant  flames.  As  a 
comparison,  the  same  data  is  plotted  as  a  function  of  pressure  in  Figure  151.  We  anticipate  that 
more  meaningful  correlations  of  flame  structure  properties  can  be  made  when  more  LIF  data 
becomes  available,  especially  for  other  species  such  as  NH.  It  has  been  found  experimentally 
that  radicals  such  as  CH,  CN,  and  NH  often  have  quite  different  distributions  in  nitrogen- 
containing  flames  (Ref.  82). 

The  width  of  the  transition  region  (defined  in  Figure  139)  can  also  be  measured  from 
these  transmission  traces.  This  quantity  should  be  a  function  of  the  optical  system  (same  for  all 
propellant  experiments)  and  the  propellant  surface  roughness.  One  would  expect  that  the 
diffusion-flame  dominated  propellants  (API  and  AN1)  would  tend  to  have  rougher  surfaces 
than  the  HMX  propellants.  The  average  transition  region  thicknesses  are  plotted  in  Figure  151 
as  a  function  of  propellant  bum  rate,  and  the  thickest  transition  zones  are  indeed  in  the  API  and 
AN1  propellants,  although  the  differences  are  small  compared  to  the  data  scatter  (as  shown  in 
Figure  152). 

Absolute  CN  concentrations  have  not  yet  been  determined  from  these  LIF 
measurements  for  several  reasons.  Saturation  of  the  fluorescence  is  necessary  to  minimize  the 
influence  of  quenching  on  the  LIF  signal  (Ref.  150,190),  but  has  not  yet  been  achieved  for  CN 
(or  OH  (Section  5.1))  in  the  propellant  flame.  However,  even  in  the  absence  of  saturation, 
concentration  profiles  should  agree  with  the  LIF  intensity  profiles  at  a  given  pressure  (e.g. 
Figure  141).  The  influence  of  pressure  on  quenching,  and  thus  on  LIF  intensity,  is  much 
more  difficult  to  assess  (Ref.  10-12,191).  This  is  particularly  true  when  other  pressure 
dependent  phenomena  (such  as  self-absorption  (Ref.  13,175),  line  broadening  (?),  and  flame 
structure  changes)  are  superimposed  on  the  changes  in  LIF  signal  due  to  quenching.  For  this 
reason,  the  reaction  zone  thickness  is  the  quantity  used  to  assess  the  CN  distribution,  rather 
than  the  absolute  CN  LIF  intensity.  The  determination  of  a  reaction  zone  thickness  is  not 
dependent  on  the  absolute  LIF  intensity  and  thus  should  be  relatively  independent  of 
quenching.  This  type  of  semi-quantitative  analysis  is  fairly  common  (Ref.  89). 
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Figure  135.  CN  (B^£-X2X~)  LIF.  CH^/N^O  flame.  Inner  cone,  421.5  nm  excitation,  1.25 
mJ/pulse  in  flame,  PMT  detector,  20  pm  slits. 
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Figure  136.  CN  (B2£-X2S)  LIF,  CH^/NoO  flame.  Inner  cone,  421.5  nm  excitation,  10 
mJ/pulse  in  flame  (est.),  Reticon  detector,  200  pixels,  0.07  nm  pixel  dispersion,  500/200  pm 
slits,  5  pulse/0.5  s  signal  accumulation  (10  Hz  laser  repetition  rate). 
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Figure  137.  CN  (B2£-X2S1  LIF.  API  propellant  flame.  1  atm  N2+,  421.5  nm  excitation,  8 
mJ/pulse  in  flame,  Reticon  detector,  200  pixels,  0.07  nm  pixel  dispersion,  500/200  (im  slits, 
h~200  (im,  10  pulse/0.5  s  signal  accumulation  (20  Hz  laser  repetition  rate). 
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Figure  138.  CN  (B2S-X2S)  emission.  API  propellant  flame.  1  atm  N2+,  Reticon  detector, 
200  pixels,  0.07  nm  pixel  dispersion,  50/200  |im  slits,  0.5  s  exposure  time. 


125 


Figure  140.  Schematic  of  CN  LIF  experiments  with  PMT  detector. 
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Figure  141.  CN  LIF.  API  propellant.  1  atm  N2+,  421.5  nm  excitation,  10  mJ/pulse  in  flame, 

PMT  detector,  20  (im  slits. 
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Figure  142.  Same  conditions  as  Figure  140:  but  CN  LIF  collected  as  10  pulse  running 

average,  3  mJ/pulse  in  flame. 
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Figure  146.  CN  LIF.  HMX1  propellant  flame.  1.8  MPa,  laser  detuned  from  CN  421.5  nm 
bandhead,  4.5  mJ/pulse  in  flame  (est.),  PMT  detector,  20  pm  slits. 
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Figure  147.  CN  LIF.  HMX1  propellant  flame.  0.8  MPa,  421.5  nm  excitation,  5  mJ/pulse  in 

flame,  PMT  detector,  20  p.m  slits. 
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Figure  148.  CN  LIF,  HMX2  propellant  flame.  1.8  MPa,  421.5  nm  excitation,  5  mJ/pulse  in 

flame,  PMT  detector,  20  p.m  slits. 
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Figure  149.  Comparison  of  CN  LIF  intensity  profiles  for  propellants  HMX1  and  HMX2  at 
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Figure  150.  CN  LIF.  AN1  propellant  flame.  0.8  MPa,  421.5  nm  excitation,  4.5  mJ/pulse 

flame  (est.),  PMT  detector,  20  p.m  slits. 
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An  attempt  was  made  to  excite  the  CN  1,2  bandhead  at  419.7  nm.  The  resulting 
spectrum  is  shown  in  Figure  155.  Excitation  of  the  1,2  bandhead  should  lead  to  the 
observation  of  the  1,1  bandhead  (387.1  nm).  This  may  be  the  case  in  Figure  155,  although  the 
1,1  bandhead  is  not  strongly  excited.  This  type  of  experiment  has  little  relevance  to  the 
propellant  flames,  but  is  interesting  nonetheless. 


Wavelength,  nm 


Figure  155.  CN  LIF.  CH^/NoO  flame.  Inner  cone,  419.7  nm  excitation,  0.75  mJ/pulse  in 

flame  (est.),  PMT  detector,  50  p.m  slits. 


5.3.  NH  LIF  EXPERIMENTS 

NH  is  an  important  combustion  radical  like  CN.  There  are  some  spectroscopic 
differences  between  the  two,  however.  Unlike  CN  and  OH,  the  "off-diagonal"  bands  of  NH 
(the  bands  where  vVv")  are  much  weaker  than  those  where  v'=v”  (Ref.  17,203).  The 
importance  of  this  is  that  the  transition  probability  between  the  0,0  band  sequence  and  the  off- 
diagonal  bands  is  small,  which  leads  to  much  weaker  signals  in  experiments  similar  to  the  CN 
experiments  where  the  0,1  or  1,0  bands  are  excited  and  the  0,0  and/or  1,1  bands  are  observed 
(or  vice-versa).  As  shown  in  Table  16,  these  type  of  experiments  have  been  done,  although 
the  signal  levels  are  much  lower  than  for  similar  experiments  with  OH  and  CN.  On  the  plus 
side,  the  excited  and  observed  lines  are  well  removed  spectrally  and  the  rejection  of  scattered 
laser  light  shouldn't  be  a  problem.  An  alternative  is  to  excite  one  line  in  the  NH  0,0  spectrum 
and  observe  another  0,0  line  well  removed  from  the  laser  wavelength.  These  experiments  have 
also  been  done,  as  shown  in  Table  16.  Whether  or  not  scattered  laser  light  can  be  rejected  in 
the  environment  of  a  propellant  flame  was  one  of  the  subjects  of  this  research. 

The  dye  used  in  most  of  the  NH  LIF  experiments  was  p-terphenyl  (Lambdachrome 
3400),  with  the  output  curve  shown  in  Figure  156.  The  key  to  the  "excite  0,0-observe  0,0" 
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NH  LIF  experiments  was  to  determine  if  the  separation  between  the  filter  transmission  and  dye 
output  curves  could  be  utilized  to  accomplish  successful  NH  LIF  measurements  in  high 
pressure  propellant  flames.  NH  LIF  could  be  generated  throughout  the  dye  curve,  as  shown  in 
Figure  157.  It  would  be  expected  that  the  LIF  signal  divided  by  the  laser  intensity  would  be 
proportional  to  the  NH  population  in  the  particular  state  being  excited.  Thus  ,  one  would 
expect  that  the  NH  model  (Section  4.8)  could  produce  a  spectrum  with  a  distribution  similar  to 
that  shown  in  Figure  157.  However,  comparison  of  Figures  4.8.14-19  shows  that  the 
distribution  of  Figure  157,  with  its  peak  at  about  338  nm,  does  not  match  either  the  0,0  or  the 
combined  model  at  reasonable  temperatures.  What  may  be  occurring  is  that  the  NH  lines 
crowd  together  in  the  338  nm  region  and  the  laser  linewidth  is  exciting  more  lines  at  338  nm 
than  at  341  nm,  for  example.  Excitation  wavelengths  of  341-342  nm  were  chosen  for  the 
propellant  experiments  to  maximize  signal  and  maximize  the  separation  of  the  laser  wavelength 
from  the  observed  NH  LIF  0,0  Q  branch  bandhead  at  336.0  nm.  Example  NH  LIF  spectra  for 
various  wavelengths  are  shown  in  Figures  158  to  163. 

An  NH  LIF  experiment  directly  comparable  to  that  shown  in  Figure  5.2.8  is  shown  in 
Figure  164.  Note  the  obvious  difficulty  in  rejecting  laser  light  scattered  from  the  surface  of  the 
propellant,  as  shown  by  the  presence  of  signal  before  the  surface  passes  through  the  collection 
volume.  A  possible  NH  LIF  profile  is  observable  in  Figure  164,  with  a  "reaction  zone 
thickness"  (as  defined  in  Figure  5.2.7)  of  approximately  500  p.m.  However,  it  was  very 
difficult  to  obtain  a  clean  enough  profile  to  analyze-usually  the  signal  profile  at  336  nm  was 
dominated  by  "spikes"  indicative  of  laser  scattering,  rather  than  NH  LIF.  Pulse  averaging 
could  be  performed,  as  illustrated  in  Figure  165,  although  the  profile  obtained  is  so  broad  that 
it  seems  likely  that  both  NH  LIF  and  laser  scattering  are  being  averaged  together,  yielding  a 
profile  of  questionable  relevance.  Typically  (especially  in  experiments  at  higher  pressures),  the 
profiles  resembled  Figure  166,  where  no  "reaction  zone"  was  visible  at  all.  Thus,  it  appears 
that  propellant  experiment  using  this  type  of  LIF  probe  will  require  either  a  better  spectrometer 
to  separate  the  laser  scattering  from  the  NH  LIF  or  will  require  that  off-diagonal  lines  be 
excited. 


As  a  first  step  in  studying  the  possibility  of  improved  separation  of  laser  scattering  and 
LIF,  the  Triplemate/Reticon  system  was  used,  analogous  to  the  experiment  described  in 
Section  5.2.  The  resulting  NH  LIF  spectrum.is  shown  in  Figure  167.  The  corresponding 
experiment  in  an  HMX1  propellant  flame  (in  air)  is  shown  in  Figure  168.  Closing  the 
intermediate  slit  on  the  Triplemate  (as  described  in  Section  5.1)  lead  to  the  NH  LIF  spectrum 
shown  in  Figure  169.  The  laser  line  has  been  filtered  out,  exactly  as  in  the  OH  LIF 
experiments  with  the  Reticon.  This  indicates  that  it  may  be  possible  to  use  such  a  spectrometer 
to  improve  the  rejection  in  propellant  LIF  experiments,  although  the  problems  with  using  the 
Reticon  (reduced  sensitivity,  longer  pulse  widths)  remain.  Despite  the  longer  pulse  widths 
used  with  the  Reticon,  the  signal  seen  is  LIF,  as  shown  by  an  identical  experiment  where  the 
laser  is  blocked  (Figure  170).  If  any  flame  emission  was  contaminating  the  LIF  spectrum,  it 
would  shown  in  Figure  169.  It  was  very  difficult  to  obtain  any  NH  LIF  signal  in  the 
propellant  flames  with  the  Reticon  system  due  to  low  signal  levels.  The  best  result  is  shown  in 
Figure  171.  This  signal  required  the  accumulation  of  many  pulses,  thus  the  spatial/temporal 
resolution  is  poor.  It  does  indicate,  however,  that  a  multiple-stage  spectrometer  can  be  used  to 
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separate  the  laser  scattering  from  the  NH  LIF  more  successfully  than  the  single  stage 
spectrometer  used  in  the  PMT  NH  LIF  experiments. 


A  brief  study  was  made  of  NH  0,1  band  excitation.  This  is  accomplished  by  frequency 
doubling  610  nm  laser  light  (see  Section  5.4  for  details  since  this  is  the  same  scheme  for  , 

exciting  OH  LIF).  Because  of  laser  problems,  the  energy  at  305  nm  was  low,  so  propellant 
experiments  were  postponed  until  after  laser  repair.  A  propellant  experiment  would  involve 
exciting  the  NH  0,1  bandhead  at  305  nm  and  observing  the  resulting  NH  LIF  at  either  the  0,0  - 

(336.0  nm)  or  1,1  (337.1  nm)  bandheads.  For  example,  the  resulting  NH  LIF  from  the  . 

excitation  of  the  NH  0,1  bandhead  at  305  nm  is  shown  in  Figure  172. 


Table  16.  Previous  NH  LIF  schemes 


Excited 

Observed 

Author 

Line/wavelength 

Band 

■MM 

Band 

Re 

Parr,  et  al 

305.06 

1,0 

1, 1+0,0  broadband 

0,0 

17 

Salmon,  et  al 

Pi  7,5,11 

0,0 

Rl  5,3,9 

0,0 

19 

Jeffries,  et  al 

various 

0,0,  1,0,  2,1 

336.0 

0,0 

19 

Morley 

336.0 

0,0 

336.0 

0,0 

19 

Anderson,  et  al 

350.7 

0,0 

336.0? 

0,0 

19 

Figure  157.  NH  (A3n-X3S~)  LIF  intensity  as  a  function  of  excitation  wavelengthi.CH^/TvNO 

flame,  inner  cone,  PMT  detector. 
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Figure  158.  NH  (A3n-X3S)  LIF.  343  nm  excitation.  1.1  mJ/pulse  in  flame,  CH4/N2O  flame. 

inner  cone,  PMT  detector,  30  p.m  slits. 
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Figure  159 


2  nm  excitation.  0.4  mJ/pulse  in  flame,  CH4/N2O  flame,  inner 
cone,  PMT  detector,  30  pm  slits. 
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Figure  160. 


i  nm  excitation.  0.8  mJ/pulse  in  flame,  CH4/N2O  flame,  inner 
cone,  PMT  detector,  30  pm  slits. 
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Figure  161.  NHLIF,  341.0  nm  excitation.  0.5  mJ/pulse  in  flame,  CH4/N2O  flame,  inner 

cone,  PMT  detector,  30  p.m  slits. 


Figure  162.  NH  LIF,  340  nm  excitation.  0.8  mJ/pulse  in  flame,  CH4/N2O  flame,  inner  cone, 

PMT  detector,  30  |im  slits. 
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Figure  163  NH  LIF.  338.5  nm  excitarion.  0.1  mJ/pulse  in  flame,  CH4/N2O  flame,  inner 

cone,  PMT  detector,  30  pm  slits. 
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Figure  164.  NH  (A3I~I-X3S)  LIF.  API  propellant.  341  nm  excitation,  2  mJ/pulse  (est.)  in 
flame,  1  atm  N2+,  50  Jim  slits,  1  pulse  average  both  channels,  PMT  detector. 
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Figure  165.  NH  LIF.  API  propellant.  341  nm  excitation,  2.4  mJ/pulse  in  flame,  1  atm  N2+, 
PMT  detector,  3  pulse  average  on  both  channels,  50  p.m  slits. 
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Figure  166.  Same  conditions  as  Figure  165:  but  HMX1,  1.8  MPa,  1  pulse  average  both 

channels. 


Figure  167.  NH  (A3FI-X3£)  L1F,  Reticon  detector.  341  nm  excitation,  3.8  mJ/pulse  in  flame. 
CH4/N2O  flame,  inner  cone,  0.035  nm/pixel  dispersion,  500/200  pm  slits,  93  pulse/2.32  s 
signal  accumulation  (40  Hz  laser  repetition  rate). 
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Figure  168.  NH  LIF.  Reticon  detector.  HMX1  propellant  flame.  341  nm  excitation,  3.8 
mJ/pulse  in  flame,  1  atm  air,  h=?  ,  0.035  nm/pixel  dispersion,  500/200  pm  slits,  58  pulse/1.17 
s  signal  accumulation  (50  Hz  laser  repetition  rate). 
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Figure  169.  Same  conditions  as  Figure  167:  but  intermediate  slit  on  Triplemate=l.l  mm  and 
1 16  pulse/2.32  s  signal  accumulation  (50  Hz  laser  repetition  rate). 


Figure  170.  Same  conditions.as  Figure  167  but  laser  blocked.  Shows  absence  of  emission 
even  with  relatively  wide  gate  width  (2.5  |is). 
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Figure  171.  NH  LIF.  Reticon  detector.  API  propellant.  341  nm  excitation,  3.2  mJ/pulse  in 
flame  (est.),  1  atm  N2+,  h=0?,  500/200  pm  slits,  30  pulse/0.59  s  signal  accumulation  (50  Hz 

laser  repetition  rate). 


Figure  172.  NHfA^n-X^L)  LIF.  305  nm  exc.  (NH  1.0  band).  0.15  mJ/pulse  in  flame, 
CH4/N2O  flame,  inner  cone,  PMT  detector,  30  pm  slits. 
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5.4.  OH  LIF  EXPERIMENTS  (PART  2) 

In  this  section,  OH  LIF  experiments  utilizing  the  excimer  pumped  dye  laser  are 
described.  The  main  advance  is  the  ability  to  digitally  collected  data  at  high  repetition  rates  on 
the  PMT  detector.  Early  OH  LIF  PMT  results  were  limited  to  chart  recorder  output  (Figure 
127)  and  thus  temporal  resolution  available  with  the  laser  was  limited  by  the  chart  recorder 
response  time  constant.  For  these  experiments,  the  dye  laser  output  with  Rhodamine  B  (LC 
6100)  dye  was  frequency  doubled  down  in  to  the  OH  region  of  the  spectrum,  as  illustrated  in 
Figure  173  and  174.  The  laser  needed  routine  maintenance  so  the  power  output  was  rather 
low,  however,  the  high  concentration  of  OH  in  typical  flames  (often  1%  or  more)  allowed  OH 
LIF  to  be  excited  even  with  low  laser  power.  One  problem  with  these  experiments  is  the  lack 
L  of  a  suitable  filter  to  use  to  aid  in  the  rejection  of  unwanted  scattering  at  the  laser  wavelength 

I  (as  described  in  the  NH  LIF  Section).  It  was  expected  that  this  would  create  problems  near  the 

propellant  surface. 

The  OH  0,0  band  extends  from  306.4—320  nm.  OH  LIF  could  be  excited  over  much 
>  of  this  range,  as  illustrated  in  Figures  175  to  177.  Weak  OH  LIF  in  the  off-diagonal  bands 

|  could  also  be  observed,  as  illustrated  in  Figure  179  and  180  (compare  to  178,  taken  on  same 

i  day).  In  Figure  179,  The  OH  1,0  Rj  bandhead  at  281.1  nm  and  the  1,0  Q2  bandhead  at  282.9 

nm  are  (weakly)  visible,  as  are  the  OH  0,1  Ri  bandhead  at  342.8  nm  and  the  OH  0,1  Q2 
bandhead  at  347.2  nm  in  Figure  180.  Better  examples  of  OH  LIF  in  these  bands  can  be  found 
in  Section  5.5.  Propellant  experiments  were  typically  performed  by  exciting  LIF  at  306.4  nm 
and  observing  the  large  OH  LIF  peak  at  313.8  nm  (see  Figure  174).  Even  with  low  laser 
power,  saturation  could  be  achieved  in  the  CH4/N2O  flame,  as  shown  in  Figure  181.  Note  that 
the  306  nm  line  shows  less  saturation  because  of  the  included  laser  scattering.  The  effect  on 
I  the  saturation  behavior  of  changing  the  gate  width  of  the  collection  electronics  was  briefly 

explored,  as  shown  in  Figure  182.  The  effect  was  not  large.  Reducing  the  gate  width  to  3  ns 
didn't  have  a  large  effect  either,  as  shown  in  Figure  183. 

An  example  of  the  OH  LIF  experiment  analogous  to  the  CN  LIF  experiment  in  Figure 
k  5.2.8  is  shown  in  Figure  184.  Another  OH  LIF  profile  is  compared  to  the  CN  LIF  profile  in 

the  same  propellant  flame  in  Figure  185.  The  CN  is  confined  to  the  "reaction  zone"  near  the 
surface,  while  the  OH  is  distributed  throughout  the  flame.  This  is  typical  of  OH  and  CN  in 
premixed  flames  (Ref.  46,104).  Results  in  propellants  other  than  API  at  atmospheric  pressure 
were  very  difficult  to  obtain.  This  is  not  surprising  considering  the  large  variations  in 
stoichiometry  in  the  various  propellant  flames,  as  shown  by  the  wide  range  of  equilibrium  OH 
concentrations  in  Table  17.  Without  a  filter  to  aid  in  rejection  of  scattered  laser  light,  there  was 
typically  large  scattering  signals  near  the  propellant  surface.  This  is  illustrated  in  Figure  1 86, 
where  a  large  signal  is  visible  "below"  the  surface  of  the  propellant  as  indicated  by  the 
transmission  trace  in  the  DB1  propellant  flame.  This  is  very  probably  just  spurious  scattering 
off  the  propellant  strand.  If  the  313.8  nm  data  channel  of  Figure  185  is  smoothed,  the 
resulting  profiles  could  perhaps  be  considered  to  be  OH  (Figure  187),  but  is  probably  just 
scattering  from  the  flame.  A  similar  experiment  in  the  HMX1  propellant  flame  is  shown  in 
Figure  188.  The  scattering  off  the  strand  is  even  more  obvious,  as  is  the  lack  of  OH  LIF.  In 
summary,  it  appears  that  successful  OH  LIF  experiments  in  propellant  flames  will  have  to 
employ  either  or  both  of  two  modifications  of  the  current  techniques.  Off-diagonal 
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excitation/observation,  such  as  exciting  the  OH  1,0  band  at  281  nm  and  observing  the  0,0  and 
1,1  band,  could  be  used  with  a  narrow  band  filter  to  aid  in  the  rejection  of  the  scattered  laser 
light.  Alternatively,  a  spectrometer  with  much  better  rejection,  such  as  a  double  spectrometer, 
could  be  used  to  aid  in  the  separation  of  the  LIF  from  the  scattered  laser  light 

The  excimer  laser  laser  was  recently  upgraded  to  allow  scanning  of  the  dye  laser 
wavelength.  The  scanning  can  be  synchronized  with  the  rotation  of  the  frequency  doubling 
crystal.  For  example,  the  results  of  an  OH  LIF  excitation  scan  experiment  are  shown  in  Figure 
189.  In  this  experiment  the  spectrometer  is  set  to  a  particular  wavelength  (the  310  nm  OH  LIF 
line  in  this  case)  and  the  laser  is  scanned.  This  type  of  excitation  experiment  can  be  used  to 
determine  the  temperature  of  a  molecule  at  a  given  point  in  this  flame  by  relating  the  total 
fluorescence  to  the  molecular  line  excited  (Ref.  48).  It  might  be  possible  to  use  this  technique 
in  the  propellant  flames  (already  attempted  at  atmospheric  pressure  (Ref.  17)),  although  the 
laser  scattering  in  the  flame  would  be  difficult  to  filter  out  of  the  fluorescence. 


Table  17.  Equilibrium  OH  concentrations 


Mole  %  OH  at  equilibrium  (3.5  MPa) 

API 

1.42 

AP2 

0.80 

HMX1 

0.066 

HMX2 

0.000008 

ANI 

0.01 

DB1 

<0.000001 

DB2 

<0.005 

5 

a 

5 

o 

« 

>. 

■o 

> 

35 

2 

4> 

ac 


1.20 
1.00 
0.80 
0.60 

0.40 
0.20 
0.00 

560  580  600  620  640  660  680 

Wavelength,  nm 


7/29/87  Rhodamine  B  (LC  6100) 


Q 


□ 


'a  □ 


Figure  173.  Excimer-_pumped  dve  laser  ouput  with  Rhodamine  B  (LC  6100)  dve. 


146 


Relative  dye  output 


Figure  174. 
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Figure  175. 


mJ/pulse  in  flame  (est),  30  um  slits,  PMT  detector. 


Figure  176.  OH  (A2£-X2IT)  LIF.  308.0  nm  excitation.  CH4/N2O  flame,  outer  cone,  0.05 
mJ/pulse  in  flame  (est),  30  pm  slits,  PMT  detector. 


Figure  177.  OH  LIF.  310.0  nm  excitation.  CH4/N2O  flame,  outer  cone,  0.002  mJ/pulse  in 
flame  (est),  50  iim  slits,  PMT  detector 
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9/87-24 


,IF.  306.4  nm  excitation.  CH4/N2O  flame,  outer  cone,  0.06  mJ/pulse  in 
flame  (est),  30  Jim  slits,  PMT  detector. 
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Figure  179.  OH  LIF.  306.4  nm  excitation.  CH4/N2O  flame,  outer  cone,  0.06  mJ/pulse  in 

flame  (est),  30  |im  slits,  PMT  detector. 
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Figure  180.  OH  LIF.  306.4  nm  excitation.  CH4/N2O  flame,  outer  cone,  0.06  mJ/pulse  in 

flame  (est),  30  (im  slits,  PMT  detector. 
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Figure  181.  Saturation  results  for  OH  (A-Xl  LIF  experiments,  using  excimer  pumped  dve 
laser.  PMT  detector,  306.4  nm  excitation,  30  ns  gate,  30  |im  slits,  CH4/N2O  flame,  outer 

cone. 
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Figure  182.  Saturation  results  for  OH  (A-X)  LIF  experiments  using  excimer  pumped  dve 
laser.  PMT  detector,  306.4  nra  excitation,  30  ns  gate,  30  |im  slits,  CH4/N2O  flame,  outer 

cone. 
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Figure  183.  Same  conditions  as  Figure  178  but  3  ns  gate  width. 
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Figure  184.  OH  (A2£-X2FD  LIF.  API  propellant  flame.  1  atm  N2+,  306.4  nm  exc.,  30  (im 
slits,  0.003  mj/pulse  in  flame,  313.8  nm  channel  collected  as  10  pulse  average,  PMT  detector. 
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Figure  185.  Comparison  of  OH  LIF  and  CN  LIF  profiles  in  API  propellant  flame.  1  atm 
N2+,  PMT  detector.  OH  LIF  conditions  same  as  Figure  183;  CN  LIF  conditions  shown  in 

Figure  5.2.8. 
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Figure  186.  OH  LIF.  DB1  propellant  flame.  1.8  MPa,  306.4  nm  excitation,  0.2  mJ/pulse  in 

flame  (est),  30  pm  slits,  PMT  detector. 
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Figure  187.  313.8  nm  channel  of  Figure  185  smoothed  (3  pulse  running  average  applied  to 

collected  data). 
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Figure  188  QH  LIF,  HMX1  propellant  flame.  1.8  MPa,  306.4  nm  excitation,  0.06 
mJ/pulse  in  flame  (est),  30  jj.m  slits,  PMT  detector. 


Figure  189.  OH  LIF  excitation  spectrum.  CH4/N2O  flame,  310.0  nm  observed,  0.15 
mJ/pulse  in  flame  (est),  30  |im  slits,  PMT  detector. 
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Figure  190.  OH  absorption  spectrum.  CH4/N2O  flame,  0.1  mJ/pulse  in  flame  (est),  PMT 

detector. 


5.5.  RAMAN  SCATTERING  UTILIZING  308  nm  LIGHT 

It  was  desired  to  use  laser-Raman  scattering  for  temperature  and  major  species 
measurements  in  the  propellant  flames.  One  problem  with  this  diagnostic  probe  is  the  presence 
of  LIF  interferences.  Raman  scattering  is  a  relatively  weak  process  in  comparison  to  LIF,  so 
fluorescence  interference  was  anticipated  to  be  a  problem.  LIF  from  C2  and  other  molecules 
has  been  observed  in  Raman  scattering  experiments  using  532  nm  lasers  (Ref.  196).  It  was 
anticipated  that  LIF  interferences  would  also  be  present  with  the  308  nm  excimer  beam,  with 
OH  LIF  previously  observed. (Ref.  82,197,198).  In  fact,  the  308  nm  radiation  excited  LIF  in 
several  molecules  in  the  calibration  CH4/N2O  flame,  including  OH,  NH,  CN,  and  C2. 

OH  LIF  was  the  strongest  fluorescence  observed  with  the  308  nm  beam.  For  example, 
the  OH  LIF  in  the  R  branches  of  the  A-X  0,0  band  is  illustrated  in  Figure  191.  This  LIF  is  so 
strong  that  many  of  the  other  OH  bands  can  also  be  observed.  For  example,  LIF  in  the  1 ,0 
band  sequence  and  in  the  sRj2  band  of  the  0,0  transition  is  shown  in  Figure  192  and  193.  LIF 
from  the  0,1  band  sequence  was  also  seen  (Figure  194).  The  relative  intensity  of  the 
bandheads  was  0,0  Rt  (306.4  nm)  :  1,0  Rj  (281.1  nm)  :  Q2  0,1  (347.2  nm)  :  0,0  sR2i  (302.1 
nm)  =  82:2:16:1.  NH  LIF  was  also  strong  from  the  reaction  zone  of  the  CH4/N2O  flame 
when  the  308  nm  beam  was  used.  The  resulting  LIF  is  shown  in  Figure  195.  This  spectrum 
can  be  compared  to  the  corresponding  emission  spectrum  of  NH  (Figure  30),  showing  the 
abnormal  excitation  of  the  1,1  and  2,2  bandheads.  This  is  perhaps  not  surprising  since  the  308 
nm  beam  is  apparently  exciting  the  NH  2, 1  Q  branch,  which  has  a  red-degraded  bandhead  at 
307.6  nm  (Ref.  172,173).  Relatively  weak  CN  LIF  could  be  observed  at  388.3  nm  (Figure 
196)  and  C2  LIF  at  516.5  nm  (Figure  197),  with  the  overall  ratio  of  LIF  intensities  being  OH 
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(306.4  nm) :  NH  (336.0  nm) :  CN  (388.3  nm)  =  82:33:5.5.  The  C2  (and  perhaps  the  CN)  is 
probably  being  produced  by  some  photochemical  (Ref.  193)  or  collisional  (Ref.  199)  process 
in  the  flame.  "Photofragmentation"  of  molecules  to  form  fluorescing  species  is  used  as  a 
diagnostic  (Ref.  200),  but  here  it  is  a  drawback  to  the  technique.  This  LIF  has  also  been 
observed  with  the  Reticon  system.  For  example,  OH  LIF  can  be  seen  in  Figure  198  (highest 
resolution),  and  both  OH  and  NH  LIF  can  be  seen  in  Figure  199  (lowest  resolution). 

The  observed  LIF  is  a  strong  interference  for  Raman  studies.  For  example,  N2  Stokes 
Raman  is  overlain  by  the  NH  LIF  spectrum,  and  N2  anti-Stokes  Raman  is  overlain  by  OH  1,0 
LIF.  The  problem  is  the  relative  intensity  of  the  Raman  and  LIF  effects.  For  example,  Figure 
200  presented  a  comparison  of  the  intensities  of  NH  LIF  in  the  reaction  zone  of  a  CH4/N2O 
flame  and  N2  Raman  in  air.  The  intensities  are  comparable.  In  a  real  flame,  however,  the  N2 
Raman  signal  would  be  several  orders  of  magnitude  smaller  and  would  be  swamped  by  the  NH 
LIF  signal.  In  an  NH-ffee  flame,  N2  Raman  with  a  380  nm  beam  might  be  successful.  No 
common  solid  propellant  flame  fits  this  category  since  all  contain  nitrogen  and  most  have  be 
observed  to  have  NH  emission.  Note  that  higher  pressure  increases  the  Raman  signal  by 
increasing  the  concentration  of  the  subject  molecules,  so  (in  the  absence  of  LIF  interference) 
high  pressure  Raman  experiments  might  have  significant  promise.  Possible  LIF  interferences 
with  other  Raman  species  are  presented  in  Table  17.  Using  a  tunable  dye  laser  beam  pumped 
by  the  excimer  laser  may  have  better  prospects  for  success  since  the  laser  could  be  tuned  to 
minimize  LIF  interference,  although  the  laser  energy  will  be  much  less.  Note  that  the  2-line 
nature  of  the  excimer  beam  is  evident  in  the  low  temperature  N2  Raman  spectrum  in  Figure  200 
and  would  complicate  temperature  measurements. 

Raman  measurements  were  attempted  in  several  propellant  flames.  In  an  API 
propellant  flame  at  atmospheric  pressure  (N2),  a  spectrum  very  similar  to  that  obtained  in  the 
CH4/N20  flame  was  obtained.  As  shown  in  Figure  200,  both  NH  and  OH  LIF  are  observed, 
as  is  some  Na  (and  probably  OH)  emission,  visible  due  to  the  wide  pulse  width  (100  (as)  of  the 
Reticon  pulser.  A  comparable  emission  spectrum  is  shown  if  Figure  201.  Similar  Raman 
experiments  in  HMX1  propellant  flames  were  unsuccessful-the  propellant  extinguished 
consistently  when  the  308  nm  beam  impinged  on  the  surface.  This  radiative  extinguishment 
was  reproducible  and  not  observed  with  API  propellant.  This  is  good  evidence  that  the  308 
nm  radiation  is  significantly  perturbing  the  chemistry  in  the  propellant  flames. 
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Table  18.  Interferences  with  Raman  measurements  using  308  nm  laser  light 


Raman  shift  (Ref.  15) 
cm*1 

Raman  (relative  to  308  nm),  nm 

Stokes  anti-Stokes 

H2 

4169 

353.4 

n2 

2331 

331.8 

287.4 

NO 

1876 

326.9 

291.2 

1556 

323.5 

293.9 

OH 

3665 

347.2 

276.8 

ch4 

2916 

338.4 

282.6 

c2h2 

3372 

343.7 

279.0 

C02 

1388 

321.8 

295.4 

h2o 

3657 

347.1 

276.8 

HCN 

3311 

343.0 

279.5 

CO 

2143 

329.8 

288.9 

Figure  191.  OH  (A2£-X2IT)  LIF  from  308  nm  excitation.  CH4/N2O  flame,  inner  cone,  15 
mJ/pulse  in  flame,  PMT  detector,  30  pm  slits. 
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Figure  192.  OH  (A^X-X2!!.  1.0  band)  LIF  from  308  nm  excitation.  CH4/N2O  flame,  inner 
cone,  4  mJ/pulse  in  flame  (est.),  PMT  detector,  10  (im  slits. 
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Figure  193.  OH  (A2Z-X2n.  sRo1  band)  LIF  from  308  nm  excitation.  CH4/N2O  flame,  inner 
cone,  4  mJ/pulse  in  flame  (est.),  PMT  detector,  10  (im  slits. 
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Figure  194.  OH  (A2I-X2n.  0.1  baud')  LIF  from  308  nm  excitation.  CH4/N2O  flame,  inner 
cone,  12  mJ/pulse  in  flame  (est.),  PMT  detector,  30  pm  slits. 


Figure  195.  NH  fA-^ri-X3!.  0.0  band  sequence!  LIF  from  308  nm  excitation.  CH4/N2O 
flame,  inner  cone,  12  mJ/pulse  in  flame  (est.),  PMT  detector,  30  (im  slits. 
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Figure  196.  CN  (A2£-X2£.  0.0  band1)  LIF  from  308  nm  excitation.  CH4/N2O  flame,  inner 
cone,  12  mj/pulse  in  flame,  PMT  detector,  30  pm  slits. 
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Figure  197.  Ca  (A2I-X2n.  0.0  band-)  LIF  from  308  nm  excitation.  CH4/N2O  flame,  inner 
cone,  12  mJ/pulse  in  flame,  PMT  detector,  30  pm. 
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Figure  198.  OH  (A2l,-X2n.  0,0  band!  LIF  from  308  nm  excitation.  CH4/N2O  flame,  inner 
cone,  15  mJ/pulse  in  flame  (est.),  Reticon  detector,  700  pixels,  0.0175  nm/pixel  dispersion, 
500/200  Jim  slits,  7  pulse  signal  accumulation,  5  (is  gate  width. 
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Figure  199.  OH  (A2X-X2I~I.  0.0  bandl  LTF  from  308  nm  excitation.  CH4/N2O  flame,  inner 
cone,  15  mJ/pulse  in  flame  (est.),  Reticon  detector,  700  pixels,  0.07  nm/pixel  dispersion, 
500/200  |im  slits,  7  pulse  signal  accumulation,  5  (is  gate  width. 
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Figure  200.  NH  LIF  and  Raman  from  308  nm  excitation.  LIF:  CH4/N2O  flame,  inner 
cone,  12  mJ/pulse  in  flame  (est.),  PMT  detector,  30  pm  slits;  Raman,  1  atm  air,  12  mJ/pulse  in 

flame  (est.),  PMT  detector,  30  pm  slits. 
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Figure  201.  OH  and  NH  LIF  from  308  nm  excitation.  API  propellant  flame,  1  atm  N2, 15 
mJ/pulse  in  flame  (est.),  Reticon  detector,  500/200  pm  slits,  44  pulse  signal  accumulation,  5 

ps  gate  width. 
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Figure  202.  Emission  from  API  propellant  flame.  1  atm  N2+,  Reticon  detector,  500/200  (im 

slits,  0.59  s  exp.  time,  h=??. 


Figure  203.  Emission  from  API  propellant  flame.  1  atm  N2+,  Reticon  detector,  500/200  (im 

slits,  0.59  s  exp.  time,  h=??. 
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6.0  SUMMARY,  CONCLUSIONS,  RECOMMENDATIONS 

In  this  section  I  hope  to  summarize  the  status  of  species  and  temperature  measurements 
in  solid  propellant  flames  (much  more  briefly  than  in  the  Introduction),  give  some  conclusions 
about  the  applicability  of  current  techniques  to  this  area,  and  make  some  observations  and 
recommendations  about  future  approaches  and  goals.  More  detailed  information  can  be  found 
in  documents  generated  from  recent  workshops  in  this  area  (Ref.  201). 

From  the  data  presented  in  the  previous  sections,  it  is  apparent  that  some  atoms  and 
molecules  can  be  probed  in  solid  propellant  flames  up  to  moderate  pressures  (20-30  atm)  using 
emission  spectroscopy  (relatively  low  resolution)  and  laser-based  techniques  such  as  LIF  and 
laser-Raman  scattering.  These  diagnostics  techniques  are  limited  to  a  relatively  small  number 
of  molecules.  For  example,  LIF  can  be  used  to  measure  CN,  NH,  OH,  CH,  NO,  and  several 
other  small  molecules,  while  laser-Raman  scattering  could  be  used  to  measure  N2,  CO,  COt 
and  some  of  the  hydrocarbon  molecules  such  as  C2H2.  These  molecules  can  be  very 
enlightening  when  compared  to  the  predictions  from  detailed  kinetic  modeling  as  described  in 
the  introduction,  but  large  gaps  still  remain  in  the  knowledge  of  the  early  reactions  very  close  to 
the  propellant  surface.  The  initial  breakup  products  of  the  solid  propellant  ingredients  are  still 
relatively  unknown,  although  much  progress  has  been  made.  Mass  spectrometer  studies  have 
identified  many  larger  molecules  and  will  probably  retain  an  important  role  in  experimental 
studies.  It  may  turn  out  that  the  importance  of  these  earliest  reactions  is  their  role  in  the 
production  of  the  smaller,  reactive  radicals  which  may  control  the  chemistry  of  the  propellant 
flame.  This  was  found  to  be  good  approximation  in  the  combustion  of  larger  hydrocarbons, 
where  it  was  found  that  the  main  influence  of  the  large  (C8)  molecules  was  in  the  relative 
amounts  of  the  Ci  ands  C2  radicals  that  were  formed  during  the  breakup  of  the  parent  molecule 
(Ref.  185).  In  any  case,  the  breakup  of  these  larger  molecules  needs  further  study,  especially 
for  the  polymeric  binder  constituents  found  in  typical  propellant  binders.  Temperature 
measurements  are  also  important,  but  seem  to  relatively  straightforward. 

One  area  that  particularly  needs  further  study  is  that  of  high  pressure  combustion 
kinetics.  Current  kinetic  modeling  of  solid  propellant  flames  (Ref.  74,94,95)  utilizes  kinetic 
data  and  mechanism  understanding  developed  in  atmospheric  and  lower  pressure  flames  and 
reactors.  There  is  a  important  need  to  verify  the  applicability  of  this  low  pressure  data  to  the 
high  pressures  encountered  in  solid  propellant  combustion.  The  appropriate  place  to 
accomplish  this  verification  is  not  in  the  very  complex  and  poorly  understood  environment  of  a 
high  pressure  solid  propellant  flame,  but  in  a  simpler  system  such  as  a  high  pressure  gas  flame 
of  (for  example)  fuel/N02-  The  current  understanding  of  these  flames  at  atmospheric  pressure 
appears  to  be  good,  and  predicting  the  behavior  of  these  flames  at  higher  pressures  would  be  a 
good  test  of  the  ability  to  extend  the  current  understanding  of  combustion  chemistry  to  the 
higher  pressures  of  solid  propellant  combustion.  The  experimental  difficulties  would  not  be 
trivial,  however,  since  the  problems  of  small  dimensions  encountered  in  propellant  flames 
would  also  be  present  in  the  high  pressure  gas  flames.  A  diffusion  flame  might  be  required  to 
get  around  this  limitation,  although  the  chemistry  in  a  diffusion  flame  is  quite  different  from 
that  in  a  premixed  flame  of  the  same  ingredients.  Of  course,  a  diffusion  flame  is  a  more 
accurate  representation  of  many  solid  propellant  flame  situations.  More  research  in  the  high 
pressure  combustion  kinetic  area  appears  to  be  warranted. 
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APPENDIX  A.  LISTING  OF  CN  TEMPERATURE  FITTING  PROGRAM 


The  equations  used  in  the  synthetic  spectra  are  the  standard  equations  as  given  in  (Ref. 
160).  Since  the  splitting  of  the  rotational  lines  is  not  resolvable  with  the  detection  equipment 
used,  the  CN  B-X  transition  is  treated  as  a  transition.  The  term  values  of  the  emission 
lines  are  calculated  with  the  standard  formulas  for  a  vibrating  rotator  (Ref.  160),  where  the  ' 
refers  to  the  excited  state  (the  initial  level  of  the  emitting  molecule)  and  the  "  refers  to  the 
ground  state: 

T=F(J,v)  +G(v)+Te 

where 

F(J,v)=Bv(v)J(J+ 1  )-Dv(v)  j2(j+ 1  )2 

G(v)=coe(v+0.5)-coexe(v+0.5)2+coeye(v+0.5)3 

Bv(v)=Be-ae(v+0.5)+ye(v+0.5)2 

Dv(v)=De-Mv+0-5) 

The  wavelength  of  the  emission  lines  is  then  calculated  as  n=T-T".  The  intensity  of  a  given 
line  is  calculated  by  assuming  a  Boltzmann  distribution: 

Iem=CSjAvv'n4exp(-Fhc/kTrot)exp(-G'hc/kTvib) 

where  C  is  a  constant,  Sj  is  the  rotational  line  strength  (=J'  for  the  CN  R  branch  and  =J'+1  for 
the  P  branch  (Ref.  160)),  Av-v"  is  the  Franck-Condon  factor  (Ref.  161),  and  the  term  values 
for  the  rotation  and  vibration  have  been  separated  to  allow  for  differing  rotational  and 
vibrational  temperatures.  Values  for  (%  coexe,  cOgyg,  Be,  ae,  ye,  De,  (5e  can  be  found  in  (Ref. 
162).  However,  the  Bv,  Dv,  and  G  values  for  the  B  2£+  state  are  poorly  fit  by  the  preceding 
equations,  so  tabular  values  from  (Ref.  163)  were  used.  Once  the  line  locations  and  intensities 
were  calculated  (for  v'=0-7  and  J=l-95),  a  synthetic  spectrum  was  created  by  scanning  a 
triangular  slit  function  with  a  given  bandpass  over  the  760  (8X95)  calculated  spectral  lines.  A 
bandpass  of  0.125  nm  (FWHM)  was  used,  in  agreement  with  the  bandpass  used  in  the 
analysis  of  the  OH  spectra  (Ref.  3).  The  synthetic  spectra  were  then  calculated  for  a  range  of 
temperatures  and  the  best  match  to  the  experimental  spectra  was  selected. 

The  program  was  run  with  the  Microsoft  Fortran  2.2  compiler  for  the  Macintosh.  The 
two  subroutines  at  the  end  of  the  program  ("Cricket"  and  "Fastsave")  convert  the  data  file, 
containing  two  columns  with  the  wavelength  and  CN  emission  intensity  data,  into  a  file  that 
can  be  rapidly  opened  by  the  CricketGraph  1.1  software.  Text  Files  can  be  opened  by 
CricketGraph,  but  these  large  Files  are  more  conveniently  opened  in  "fast  format".  The 
program  reads  input  data  from  a  startup  file  (start),  with  the  input  data  being  the  rotational 
(trot)  and  vibrational  (tvib)  temperature,  the  initial  wavelength  to  start  the  scanning  (winit), 
the  number  of  model  data  points  to  use  (ndata,  usually  700  to  match  the  Reticon's  array  size), 
the  resolution  of  the  scanning  (RES,  deFined  as  the  FWHM  of  the  triangular  slit  function),  and 
the  v'-v"  of  the  band  sequence  (deltv,  works  for  v'-v"=0,  ±1).  The  program  then  calculates 
the  line  locations  and  writes  the  information  to  disk  in  the  "lines"  File.  Then,  the  triangular 
slit  function  is  scanned  over  the  calculated  CN  lines  and  the  resulting  spectrum  is  written  to  the 
"data"  File  in  fast  format.  The  program  could  be  used  to  model  more  resolved  spectra  by 
changing  RES. 
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PROGRAM  BOLT2M 

C  CALCULATES  BOLTZMANN  DISTRIBUTION  IN  MOLECULE 

C  AS  A  FUNCTION  OF  QUANTUM  NUMBER. 

DIMENSION  WAVER (100, 100),  ER(100,100),  VR(100,100) 

DIMENSION  WAVEP (100, 100) ,  EP(100,100),  VP(100,100) 

DIMENSION  VZERO{ 8, 8),  FC(8,8),  BV1(8,8),  BV2(8,8) 

DIMENSION  ENET (2000),  EINCR(2000),  WSCAN(2000),  ESUM(2000) 
DIMENSION  DV1  (8) ,  DV2 (8) ,  Gl(9),  G2(9),  BG(8) 

DIMENSION  FR( 100),  BFR(100),  FP(100),  BFP(100) 

INTEGER*2  N, COLUMNS 
INTEGER* 2  NDATA, DELTV 

REAL  WSCAN (2000) ,  ENET(2000),  ESUM(2000) 

OPEN (UNIT=23,  FILE=' START ' ,  FORM= ' FORMATTED ' , STATUS= ' OLD ' ) 

READ  (23,250)  TROT, TVIB,WINIT, RES, NDATA, DELTV 
250  FORMAT (3F9.3,F6.3,2I4) 

C 

C  CAN  WRITE  MOLECULE  INFO  IF  DESIRED 

C 

WRITE (9, 300) 

300  FORMAT  ('MOLECULE  IS  CN' ) 

WRITE  (9,  400)  TROT, TVIB 

400  FORMAT  (' BOLTZMANN  DISTRIBUTION  FOR  TROT, TVIB=' , F9 . 3, F9 . 3) 
WRITE (9, 450)  WINIT, RES, NDATA, DELTV 
450  FORMAT (’WINIT=',F9. 3, 5X, ' RES=' , F6. 3, 5X, ’NDATA=' , 14, 5X, 

1  ' DELTV= ' , 14 ) 

CLOSE (UNIT=23) 

OPEN (UNIT=23,  FILE= ' LINES' ,  FORM= ’ FORMATTED ', STATUS= ' NEW ' ) 

C  TO  CALCULATE  BAND  ORIGINS,  NEED  ACCURATE  G’  DATA  FROM 

C  ENGLEMAN— DATA  IS  G ' (V' ) =G1 (Nl )  BUT  USE  G1 (NV1)  TO  AVOID  ZEROS 

G1 (1) =1076. 9 
G1 (2) =3200 . 5 
G1 (3) =5283 . 9 
G1  (4) =7324. 9 
G1 (5) =9320. 9 
G1 (6) =11269 . 2 
G1 (7) =13166 . 9 
G1 (8) =15011 . 5 
G2 (1 ) =1031 . 0 
G2 (2) =3073. 4 
G2  (3) =5089 . 5 
G2  (4 ) =7079 . 4 
G2 (5) =9042 . 8 
G2 (6) =10979. 9 
G2 (7) =12890 . 4 
G2 (8) =14774. 4 
G2 (9) =16631. 9 
V00=25752 
C 

C  VZERO  DATA  FROM  JEVONS  PRS  (A)  (POOR),  ENGLEMAN  FOR  0,0  AND  1,0 

C 

C  NOTE! ! ! ! !  NEED  DUMMY  VARIABLES  SINCE  ARRAYS  CANT  HAVE  ZEROS! 

C  SO  NV1=NV2=1  FOR  0,0  BAND,  ETC,  AND  N1=0,  SO  USE  Nl  IN  CALCS 

C 

C  VZERO (1,1) =25797. 81 

C  VZERO (2, 2) =25879. 01 

C  VZERO (3, 3) =25946 . 34 

C  VZERO (4, 4) =2 5997. 57 
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C  VZERO (5, 5) =26030 . 17 

C  VZERO (6, 6) =26041. 36 

C  VZERO (7, 7) =26028. 05 

C  VZERO (8, 8) =25987 . 13 

C 

C  0,1  SEQUENCE  DATA  CALCULATED  SINCE  JEVONS'  DATA  POOR 

C 

C  VZERO (1,2) =23755. 5 

C  VZERO (2,  3) =23863.0 

C  VZERO(3, 4)=23956. 5 

C  VZERO (4, 5) =24034.1 

C  VZERO (5, 6) =24093 . 0 

C  VZERO (6, 7) =24130 . 8 

C  VZERO (7, 8) =24144. 5 

C  VZERO (8, 9) =24131 . 6 

c 

C  1,0  SEQUENCE  DATA  FROM  ENGLEMAN 

C 

C  VZERO (2,1) =27921. 42 

C  VZERO (3, 2) =27962 . 43 

C  VZERO (4, 3) =27987 . 35 

C  VZERO (5,4) =27993 . 57 

C  VZERO  (6,  5)  =2  7  97  8. 32 

C  VZERO (7, 6) =27938 . 60 

C  VZERO (8, 7) =27871. 16 


C  FC(NVl,NV2)=FRANCK-CONDON  FACTORS,  WHERE  NV1=V'+1,  NV2=V"+1 

C 

FC(1,1)=0. 90861 
FC(2,2)=0. 75682 
FC (3,  3) =0  -  64884 
FC(4,4)=0. 57392 
FC(5,5)=0. 52453 
FC(6,6)=0. 49543 
FC(7,7)=0. 48301 
FC(8,8)=0. 48479 
C 

FC(1,2)=0. 083968 
FC(2,3)=0. 13506 
FC(3,4)=0. 16365 
FC(4,5)=0. 17684 
FC  (5,  6)=0. 17943 
FC(6,7)=0. 17463 
FC (7, 8)=0. 16456 
FC(8,9)=0. 15062 
C 

FC (2, 1)=0. 08908 
FC(3,2)=0. 15573 
FC(4,3)=0. 20419 
FC(5,4)=0. 23950 
FC(6,5)=0. 26442 
FC (7, 6)=0. 28056 
FC(8,7)=0. 28863 
C 

DO  2600  NV1=1, 8 

HERE  IS  WHERE  THE  BAND  SEQUENCES  ARE  INPUT— 0,  0->NVl=NV2  — 


C  THUS  DELTV=0, +1, -1  FOR  0,0; 0,1;  AND  THE  1,0  SEQUENCES 

NV2=NV1-DELTV 
IF  (NV2.EQ.0)  GO  TO  2600 
C 

VZERO (NV1, NV2) =V00+G1 (NV1) -G2 (NV2) 

C 

C  N1,N2  ARE  ACTUAL  N 

C 

N1=NV1-1 

N2=NV2-1 

C 

C  CAN  WRITE  MOLECULE  INFO  IF  DESIRED 

C 

WRITE (9, 350)  N1,N2 

350  FORMAT  (/, 'BAND  IS' , 13, ' , ’ , 13) 

WRITE (9, 375)  VZERO (NV1 , NV2 ) , FC (NV1 , NV2 ) 

375  FORMAT  (' BAND  ORIGIN  IS ', F12 . 4, '  CM-1','  FC=',F8.4) 

WRITE (23, 500) 

500  FORMAT  (2X,  'J1 ', IX, 'V' , 2X, 'V" ', 4X, 'WAVER' , 10X,  'ER' , 

1  7X, ' WAVEP ' , 10X, ' EP ' ) 

C 

C  CALCULATE  B:  BE",  BE',  FE",  FE ' ,  V"  AND  V'  MUST  BE  GIVEN 

C  BUT  USE  TABULAR  VALUES  FOR  BV1  SINCE  DATA  HARD  TO  FIT 

C  BV1  DATA  FROM  ENGLEMAN 

BE2=1. 89974 
FE2=0. 017369 
GE2=-0. 0003107 

BV2 (NV1 , NV2 ) =BE2-FE2* (N2+0 . 5) +GE2* (N2+0 . 5) **2 

C 

BV1 (1,1)=1. 95874 
BV1 (2, 2) =1 . 93800 
BV1 (3, 3) =1. 91629 
BV1 (4, 4)=1. 89427 
BV1(5,5)=1. 87062 
BV1 (6, 6) =1.84531 
BV1 (7, 7) =1.81978 
BV1 (8, 8) =1 . 78989 
C 

BV1 (2,1)=1.93784 
BV1 (3, 2) =1 . 91621 
BV1 (4,3) =1 . 89338 
BV1 (5,4)=1.87028 
BV1 (6, 5) =1 .84484 
BV1  (7, 6) =1.81888 
BV1  (8,  7 ) =1 . 79028 
C 

C  SINCE  NO  BV  DATA  FOR  0,1  SEQUENCE,  USE  0, 0  BV  DATA 

C 

BV1 (1,2) =BV1 (1,1) 

BV1  (2,  3 )  =BV1  (2,2) 

BV1  (3,4)  =BV1  (3,3) 

BV1 (4, 5 ) =BV1 (4,4) 

BV1  (5,  6 )  =BV1  (5,  5) 

BV1 (6,7) =BV1 (6,6) 

BV1 (7,8) =BV1 (7,7) 

BV1 (8,9) =BV1 (8,8) 

C 

C  SAME  FOR  DV— USE  TABULAR  DATA  FROM  ENGLEMAN 
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C 

DV1 (1) =6. 58E-06 
DV1 (2) =6. 69E-06 
DV1 (3) =6. 82E-06 
DV1 (4) =6. 98E-06 
DV1 (5) =7 . 19E-06 
DV1 (6) =7. 43E-06 
DV1 (7) =7 . 72E-06 
DV1 (8)=8.03E-06 
C 

DE2=6 . 40E-06 

BETAE2=1 . 2E-08 

DV2 (NV2)=DE2+BETAE2* (N2+1) 

C 

J2=l 

DO  2500  Jl=l, 95 

C  J1=J',  J2=J"  AND  J"  IS  J  IN  TABLES 

C  R  BRANCH  CALCULATIONS,  Jl-J2=l 

C 

C  VIBRATIONAL  TERMS  FOR  VIBRATIONAL  LEVELS=G (NV1 ) 

C  G (NV1 )  =OMEGAE (V'+0. 5) -OMEGAE*XE (V'+0. 5) **2+ 

C  OMEGAE*YE(V'+0.5)**3 

C 

C  WORKS  FOR  GROUND  STATE,  BUT  FIT  IS  POOR  FOR  B  STATE 

C  SO  USE  ENGLEMAN'S  DELTA  G  DATA  AND  HER2BERG ' S  DATA  TO 

C  CALCULATE  GZERO 

C 

C  OMEGAE=2163 . 9 

C  XE=0. 009335 

C  G1ZERO=OMEGAE*0 . 5- (OMEGAE*XE) *0 . 5**2 

C  G1 (1 ) =G1ZER0 

C  G1 (2) =GI (I) +2123. 57 

C  G1 (3)=G1  (2) +2083. 42 

C  G1 (4)=G1  (3) +2041 . 00 

C  G1 (5) =G1  (4) +1996. 01 

C  G1(6)=G1(5)+1948.15 

C  G1 (7) =G1 (6) +1897 . 25 

C  G1(8)=G1(7)+1843.11 

C 

C  VIBRATIONAL  BOLTZMANN  FACTOR=BG (NVl ) 

C 

BG (NVl ) =EXP (-1 . 43836*G1 (NVl ) /TVIB) 

R  BRANCH  CALCULATIONS,  ER=INTENSITY  OF  LINE  AND 
VR=LOCAT I ON  (CM-1)  OF  LINE,  Jl-J2=+1 

JR1=J1 
JR2=JR1-1 
SJR=JR1 

ROTATIONAL  TERMS  FOR  ROTATIONAL  LEVELS=FR ( JRl ) 

FR ( JR1 ) =BV1 (NVl , NV2 ) * JR1 * ( JR1 + 1 ) 

1  -DV1 (NVl ) * ( JR1**2) * ( ( JR1+1 ) **2) 

BF=ROT  BOLTZMANN  FACTOR,  SJ=LINE  STRENGTH 

BFR ( JRl ) =EXP ( - 1 * 1 . 4 3 8 3 6 * FR ( JRl ) / TROT ) 
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ER ( JR1, NVl ) =2*S JR*FC (NV1 , NV2 ) *BFR ( JR1 ) *BG (NVl ) 

VR ( JR1 , NVl ) =VZERO (NV1 , NV2 ) +BV1 (NV1,NV2) *JR1* (JR1+1) - 

1  BV2 (NV1,NV2) *JR2* (JR2+1) 

2  -DV1 (NV1) *JR1**2* (JR1+1)  **2 

3  +DV2 (NV2) * JR2**2* ( JR2+1) **2 

WAVER (JR1, NVl ) =1 . 0E07* (VR (JRl, NV1 ) **-l ) /I . 000282 
C 

C  P  BRANCH  CALCULATIONS,  Jl-J2=-1 

C 

JP1=J1 

JP2=JP1+1 

SJP=JP1+1 

C 

C  ROTATIONAL  TERMS  FOR  ROTATIONAL  LEVELS=FP (JP1) 

"  C 

FP ( JP1 ) =BV1 (NV1,NV2) *JP1* (JPI+1) 

1  -DV1(NV1)*(JP1**2)*< (JP1+1)**2) 

C 

C  BF=ROT.  BOLTZMANN  FACTOR,  SJ=LINE  STRENGTH 

C 

BFP ( JP1) =EXP (-1*1 . 43836*FP ( JP1) /TROT) 

EP { JP1, NV1 ) =2*SJR*FC (NV1 , NV2) *BFP ( JP1 ) *BG (NV1 ) 

VP { JP1,NV1) =VZERO (NVl, NV2) +BV1 (NV1,NV2) *JP1* (JPl+1) - 

1  BV2 (NV1,NV2) *JP2* (JP2+1) 

2  -DV1 (NVl) * JP1**2* ( JPI+1 ) **2 

3  +DV2 (NV2) *JP2**2* (JP2+1) **2 

WAVEP (JP1,NV1) =1 . 0E07* (VP (JP1,NV1) **-l) /I . 000282 
C 

C  NOW  WRITE  LINE  DATA  IF  DESIRED 

C 

WRITE  (23,1000)  Jl, Nl, N2, WAVER (JR1, NVl ) ,ER(JR1, NVl) , 

1  WAVEP (JP1, NVl), EP(JP1, NVl) 

1000  FORMAT  (313, 4F12. 4) 

C  WRITE  (9,1100)  Jl 

C1100  FORMAT  (13) 

C 

2500  CONTINUE 
2600  CONTINUE 

WRITE  (9,2700) 

2700  FORMAT  ('LINE  CALCULATIONS  COMPLETE  -  SCANNING  UNDERWAY') 
CLOSE  (UNIT=23) 

C 

C  NOW  START  SCANNING  OVER  LINES 

C 

DO  3000  I=1,NDATA 
3000  WSCAN (I) =0 . 000 

WSCAN ( 0 ) =WINIT 
DO  5000  K=1 , NDATA 
DO  3100  12=1, NDATA 
3100  EINCR (12) =0.000 

DO  3200  13=1, NDATA 
3200  ENET (13) =0.000 

M=K-1 

WSCAN (K) =WSCAN (M) +0 . 0175 
DO  4200  NV1=1 , 8 
DO  4000  Jl=l,100 
WDELT=WSCAN (K) -WAVER (Jl , NVl ) 

DELTA=ABS (WDELT) 
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IF (DELTA. GT. RES)  GO  TO  3900 
FRAC= (RES-DELTA) /RES 
GO  TO  3950 
3900  FRAC=0 . 000 
3950  EINCR ( Jl) =FRAC*ER ( Jl, NV1) 

ENET (K) =ENET (K) +EINCR( Jl) 

4000  CONTINUE 

DO  4100  Jl=l,100 
WDELT=WSCAN (K) -WAVEP (J1,NV1) 

DELTA=ABS (WDELT) 

IF (DELTA. GT. RES)  GO  TO  4025 
FRAC= (RES-DELTA) /RES 
GO  TO  4050 
4025  FRAC=0 . 000 

4050  EINCR ( Jl ) =FRAC*EP ( Jl , NV1 ) 

ENET (K) =ENET (K) +EINCR ( Jl ) 

ESUM  (K)  =ENET  (K) 

4100  CONTINUE 

4200  CONTINUE 

C 

C  NOW  WRITE  DATA  TO  FILE  IF  DESIRED 

C 

C  WRITE (23, 4950)  WSCAN (K) , CHAR (9) , ENET (K) 

C  4950  FORMAT  (F8 . 3, Al, F8 . 2) 

C  WRITE  (9,4975)  K 

C  4975  FORMAT  (14) 

C 

IF  (K.EQ.175)  GO  TO  4900 

IF  (K.EQ.350)  GO  TO  4960 

IF  (K.EQ.525)  GO  TO  4970 

GO  TO  5000 

4900  WRITE  (9,4950) 

4950  FORMAT  ('175  DATA  POINTS') 

4951  GO  TO  5000 

4960  WRITE  (9,4965) 

4965  FORMAT  ('350  DATA  POINTS') 

4966  GO  TO  5000 

4970  WRITE  (9,4975) 

4975  FORMAT  ('525  DATA  POINTS') 

4976  GO  TO  5000 

5000  CONTINUE 

WRITE  (9,5100) 

5100  FORMAT  (’SCANNING  COMPLETE  -  POST-PROCESSING  UNDERWAY’) 

OPEN (UNIT=23,  FILE= ' DATA ' ,  FORM= ' FORMATTED ’ , STATUS= ' NEW ' ) 

C 

C  NOW  CHANGE  DATA  TO  FAST  FORMAT 

C  SUBROUTINES  WRITTEN  BY  FRANK  FREDERICK  II 

C 

COLUMNS =2  ' 

WRITE (23) COLUMNS 

CALL  FASTSAVE ( 'Wavelength,  run  ', NDATA, WSCAN) 

CALL  FASTSAVE ('CN  intensity  NDATA, ESUM) 

CALL  CRICKET ('DATA') 

8200  CLOSE  (UNIT=23) 

8300  END 

C 

C  REAL  FASTSAVE  SUBROUTINE 
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c 

SUBROUTINE  FASTSAVE (TITLE,  NUM,  L  ) 

CHARACTER* 1 5  TITLE 
INTEGER* 2  NUM 
REAL  L (  NUM  ) 

CHARACTER* 32  BUFFER 

INTEGER* 2  COUNT 
CHARACTER* 1 6  TITLEP 

C 

C  determine  the  output  data  size  in  bytes 

C 

100  COUNT  =  NUM  *  11 
C 

C  change  the  column  title  to  a  pascal  string 

TITLEP  =  char (len (trim (TITLE) )) //TITLE 
WRITE (  23  ) TITLEP 
WRITE (  23  ) COUNT 

C 

DO  300  1=1,  NUM,  1 

C  write  integer  data  to  string  buffer  so  ascii  character 

WRITE (  BUFFER,  200  )L(  I  ) 

200  FORMAT (  F10 . 3  ) 

WRITE (  23  ) trim (  BUFFER  )//char(  13  ) 

300  CONTINUE 

C 

RETURN 

END 

C 

C 

C  This  subroutine  changes  the  File  whose  name  is  passed 

C  to  the  type  and  creator  of  a  Cricket  Graph  Fast  Format 

C  file. 

C 

SUBROUTINE  CRICKET (  NAME  ) 

C 

character* (*)  NAME 
INTEGER* 4  toolbx 
CHARACTER* 256  FILENAME 
INTEGER  PTR 

PARAMETER  (PTR=Z ' C0000000 ' ) 

C 

include  XP  20: FORTRAN: INCLUDE  FILES: file . inc 
include  XP  20: FORTRAN: INCLUDE  FILES :params. inc 
C 

C  change  the  file  name  to  a  PASCAL  string 

FILENAME  =  Char (len (TRIM (  NAME) )) //TRIM (NAME  ) 

C 

C  -  set  the  toolbox  parameters  to  call  PBGETFILEINFO 

ionameptr  =  toolbx (PTR,  FILENAME  ) 
iocompletion  =  0 
iofdirindex  =  -1 
iocompletion  =  0 
iovrefnum  =  0 
iofversnum  =  0 
C 

C  toolbox  routine  to  get  file  info 
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no  on 


CALL  toolbx (PBGETFILEINFO,  toolbx (PTR,  params)) 

Cricket  Graph  Fast  Format  type  and  Creator 
fdtype  =  ' STWK1 
fdcreator  =  ' CGRF 1 

toolbox  routine  to  set  file  info 

CALL  toolbx (PBSETFILEINFO,  toolbx (PTR,  params)) 

RETURN 

END 
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APPENDIX  B.  LISTING  OF  NH  TEMPERATURE  FITTING  PROGRAM 


The  same  general  scheme  for  calculating  CN  synthetic  spectra  was  used  for  NH 
synthetic  spectra,  i.e., 

T=F(J,v)  +G(v)+Te 

The  wavelength  of  the  emission  lines  is  then  calculated  as  n=T-T”.  The  intensity  of  a  given 
line  is  calculated  by  assuming  a  Boltzmann  distribution: 

Iem=csjAv'v"n4exP(‘F'hc/kTrot)exP('G'hc/kTvib) 

For  the  NH  (A3n*X3I)  transition,  the  F(J,v)  equations  are  quite  different  from  the 
equations  used  for  CN,  especially  since  the  more  open  NH  rotational  structure  required  that  the 
triplet  splitting  of  the  lines  be  taken  into  account.  For  a  3I  state,  Schlapp's  equations  were 
used  (Ref.  160,168,172): 

F ! (K)=BVK(K+ 1  )+(2K+3)Bv-X-(Ref.  (2K+3)2Bv2+X2-2XBv))0-5+y(K+1) 
F-i(K)=BvK(K+1) 

F3(K)=BvK(K+l)-(2K-l)Bv-\-(Ref.  (2K-l)2Bv2+X2-2XBv))0-5-yK 

where  Fj,  F2,  and  F3  refer  to  the  level  with  J=K+1,  J=IC,  and  J=K-1,  respectively. 

For  3n  state,  Gilben's  equations  were  used  (Ref.  160,168,172): 

F!(J)=Bv(Ref.  J(J+l)-Z1°-5-2Z2)-Dv(J-0.5)4 
F2( J)=B v(Ref.  J(J+ 1  )+4Z2)-Dv(J+0.5)4 
F3( J)=B v(Ref.  J(J+ 1  )+Z1°-5-2Z2)-Dv(J+  1 ,5)4 

w'here 

Z1=A2Y(Y-4)+4/3+4J(J+l) 

Z2=(l/3Z1)(Ref.  A2 Y ( Y- 1  )-4/9-2J (J+ 1 )) 

Y=A/BV 


v(J',v')=v00+Fr(v',J')-Fl"(v",K") 


where  the  relationship  of  J'  and  K"  was  calculated  by  first  calculating  the  relationship  between 
J'  and  J"  (R  branch:  J"=J'-1,  Q  branch:  J"=J',  P  branch:  J"=J'+1)  and  then  substituting 
J"=K”+1,  J"=K",  and  J"=K"-lfor  the  Fj,  F2,  and  F3  components,  respectively. 
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The  necessary  spectroscopic  data  was  taken  from  Malicet,  et  al  (Ref.  168),  with  other 
sources  available  (Ref.  169-172).  The  data  for  G(v)  was  also  taken  from  (Ref.  168).  The 
values  used  can  be  found  in  the  program  listing.  The  initial  version  of  this  program  produced 
poor  results  for  the  Q  branch  bandheads  (as  discussed  in  Section  4.8),  so  the  actual 
wavelengths  of  the  0,0  and  1,1  bands  (Ref.  169-171)  were  temporarily  input  into  the  program, 
rather  than  calculating  the  lines.  Future  improvements  in  the  program  will  allow  the  equations 
to  be  used  exclusively.  This  will  allow  the  program  to  create  synthetic  NH  spectra  for  J>30, 
which  might  be  important  if  higher  temperatures  are  modeled. 

NH  Boltzmann  program  listing: 


7  PROGRAM  NHTEMP 

C 

C  CALCULATES  BOLTZMANN  DISTRIBUTION  IN  MOLECULE 

C  AS  A  FUNCTION  OF  ROTATIONAL  AND  VIBRATIONAL 

C  TEMPERATURE  (TROT,  TVIB  RESPECTIVELY) 

C 

DIMENSION  WAVE1R( 60, 3) ,  WAVE2R(60, 3) ,  WAVE3R(60,3) 

DIMENSION  WAVE1P( 60, 3) ,  WAVE2P (60, 3) ,  WAVE3P(60,3) 

DIMENSION  WAVE1Z (60, 3) ,  WAVE2Z (60, 3) ,  WAVE3Z(60,3) 

DIMENSION  VF1Z (60, 3) ,  VF2Z(60,3),  VF3Z(60,3) 

DIMENSION  VF1R( 60, 3) ,  VF2R(60,3),  VF3R(60,3) 

DIMENSION  VF1P (60,3) ,  VF2P(60,3),  VF3P(60,3) 

DIMENSION  Fll  (60, 3) ,  F12(60,3),  F13(60,3) 

DIMENSION  F21  (60, 3),  F22(60,  3),  F23  (60,  3) 

DIMENSION  BF11  (60,3),  BF12(60,3),  BF13(60,3) 

DIMENSION  Ell  (60, 3) ,  E12(60,3),  E13 (60,3) 

DIMENSION  Z1 (60, 3),  Z2(60,3),  23(60,3) 

DIMENSION  DELTA1  (60,  3)  ,  DELTA3(6C-,3) 

DIMENSION  VZERO( 8, 8) ,  FC(8,8),  BV1 (8) ,  BV2(8) 

DIMENSION  ENET (2000) ,  EINCR(2000),  WSCAN(2000),  ESUM(2000) 
DIMENSION  DV1 (8) ,  DV2(8),  G1 (9) ,  G2(9),  BG(8) 

DIMENSION  HV1 (8) ,  HV2(8),  Y(8) 

DIMENSION  SJR(6G) ,  SJP(60),  SJZ(60) 

DIMENSION  GAMMA (3) ,  LAMBDA (3) ,  A(3) 

INTEGER* 2  N, COLUMNS 
INTEGER* 2  NDATA, DELTV 

REAL  WSCAN (2000) ,  ENET(2000),  ESUM(2000) 

C  FIRST,  READ  IN  DATA  FOR  SYNTHETIC  SPECTRA 

C  .JINIT=LOWER  END  OF  WAVELENGTH  RANGE  FOR  SCANNING 

C  RES=SCANNING  RESOLUTION  (FWHM) 

C  NDATA=NUMBER  OF  MODEL  POINTS  IN  SYNTHETIC  SPECTRUM 

C  DELTV=0  FOR  0,0  SEQUENCE,  -1  FOR  0,1  SEQUENCE,  ETC 

OPEN (UNIT=23,  FILE='START' ,  FORM= ' FORMATTED ', STATUS= ' OLD ' ) 
READ  (23,250)  TROT, TVIB, WINIT, RES, NDATA, DELTV, SCALE1 , SCALE2 
250  FORMAT (3F9.3,F6.3,2I4,2F6.3) 

C 

C  CAN  WRITE  MOLECULE  INFO  IF  DESIRED 

C 

WRITE (9,  300) 

300  FORMAT  ('MOLECULE  IS  NH') 
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noon  oooooooo 


WRITE (9, 400)  TVIB, TROT 

400  FORMAT  ('BOLTZMANN  DISTRIBUTION  FOR  TVIB, TROT= ' , F9 . 3, ’ , ' , F9 . 3 ) 
WRITE (9,450)  WINIT, RES, NDATA, DELTV, SCALEl , SCALE2 
450  FORMAT ('WINIT=',F9. 3, 5X, 'RES=' , F6. 3, 5X, 1 NDATA= ' , I 4 , 5X , 

1  ' DELTV= ' , 14 , /, ' SCALE1=' , F6 . 3, '  SCALE2=' ,F6. 3) 

CLOSE (UNIT=23) 

NOW  CALCULATE  LINE  LOCATIONS  AND  INTENSITIES 
OPEN (UNIT=23,  FILE=‘ LINES ' ,  FORM= ' FORMATTED ', STATUS= ' NEW ' ) 

TO  CALCULATE  BAND  ORIGINS,  NEED  TO  CALCULATE  G1  AND  G2 
DATA  FROM  MALICET  J  CHIM  PHYS  67,  25-30  (1970) 


A(l) =-34 . 72 
A (2) =-34 . 74 
A (3) =-34 . 6 
BV1 (1) =16. 317 
BV1 (2) =15. 567 
BV1 (3) =14. 786 
DV1 (1) =1 . 780E-3 
DV1 (2) =1 . 762E-3 
DV1 (3) =1 . 765E-3 
BV2 (1) =16. 342 
BV2  (2)  =15. 691 
BV2 (3) =15. 046 
DV2 (1 ) =1 . 694E-3 
DV2 (2) =1 . 644E-3 
DV2 (3) =1 . 627E-3 
WE1=3231 . 0 
WEXE1=98 . 5 
WE2=3203. 2 
WEXE2=78.3 
WEYE1=0 . 0 
WEYE2=0 . 0 
FC (1, 1) =1 . 000 
FC (2, 2) =0 . 999 
FC (3, 3) =0 . 996 
LAMBDA (1) =0.928 
LAMBDA (2) =0. 948 
LAMBDA (3) =0. 955 
GAMMA (1) =-0 .053 
GAMMA (2) =-0. 047 
GAMMA (3) =-0 . 044 
HV2 (1) =1 . 021E-7 
HV2 (2) =0 . 0 
HV2 (3) =0.0 
HV1 (1) =8 . 26E-8 
HV1(21 =0.0 
HV1 (3) =0.0 
HAT=1 


NOTE  THAT  ARRAYS  CANT  HAVE  ZEROS,  SO  NEED  DUMMY  VARIABLE 
NV1=V'+1,  AND  HAVE  N1=V' 

DO  2600  NV1=1, 3 
NV2=NV1 
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N1=NV1-1 

N2=NV2-1 

C 

C  CALCULATIONS  OF  NH  LINES  FOR  V'=0,l,2 

C 

G1 (NV1) =WE1* (Nl+0 .5) -WEXE1* (Nl+0 . 5) **2+WEYEl* (Nl+0 . 5) **3 
G2 (NV2)  =WE2* (N2+0 . 5) -WEXE2* (N2+0 . 5) **2+WEYE2* (N2+0 . 5) **3 
C 

V00=29776 . 76 
C 

VZERO (NV1, NV2) =V00+G1 (NV1) -G2 (NV2) 

C 

C  ACTUALLY,  THIS  LEADS  TO  POOR  RESULTS  SO  USE  MALICET  G  DATA 

C  DELTAG' (1/2) =3033 . 9,  DELTAG’ (3/2) =2836. 8, 

C  DELTAG" (1/2)=3125. 49,  DELTAG" (3/2) =2968 . 89 

C 

VZERO (2, 2) =VZERO (1, 1) +3033. 9-3125. 49 
VZERO (3, 3) =VZERO (2, 2) +2836. 8-2968. 89 

C 

C 

WRITE (9, 550)  N1,N2 

550  FORMAT  (/, ' BAND  IS ' ,  13,  ' , ' ,  13) 

WRITE (9, 575)  VZERO (NV1.NV2) ,FC(NV1,NV2) 

575  FORMAT  (' BAND  ORIGIN  IS ’, F12 . 4, '  CM-1',’  FC=',F8.4) 

WRITE (23, 600) 

600  FORMAT  ( '  WAVER1  ' ,  '  WAVER2  ' , 

1  '  WAVER3  ' , '  WAVEQ1  ’ , '  WAVEQ2  ' , '  WAVEQ3  ’ , 

2  '  WAVE  IP  '  ) 

C 

C  VIBRATIONAL  BOLTZMANN  FACTOR=BG (NV1 ) 

C 

BG (NV1 ) =EXP (-1 . 43836*G1 (NV1)/TVIB) 

C 

C  NOW  CALCULATE  F"  FOR  ARBITRARY  K  AND  THEN  SUBSTITUTE 

C  KIR  FOR  K  IN  WAVELENGTH  CALCULATION 

C 

DO  700  K2=l, 35 

DELTA1 (K2,NV2)=( (2*K2+3) *BV2 (NV2) -LAMBDA (NV2) -( (2*K2+3) **2* 

1  BV2 (NV2) **2+LAMBDA (NV2 ) **2-2*LAMBDA (NV2 ) *BV2 (NV2) ) **0.5 

2  +GAMMA (NV2 ) * (K2+1 ) ) /SCALE2 

DELTA3 (K2 , NV2 ) = (BV2 (NV2 ) * ( 1-2*K2 ) -LAMBDA (NV2 ) + 

1  ( (2*K2-1) **2*BV2 (NV2) **2+LAMBDA (NV2) **2 

2  -2*LAMBDA (NV2 ) *BV2 (NV2 ) ) **0 . 5-GAMMA (NV2) *K2) /SCALE2 
F21 (K2,NV2)=BV2 (NV2) *K2* (K2+1) -DV2 (NV2) * 

1  (K2* (K2+1) ) **2+HV2 (NV2) * (K2* (K2+1) ) **3+DELTAl fK2,NV2) 

F22 (K2,NV2) =BV2 (NV2) *K2* (K2+1) -DV2 (NV2) * 

1  (K2* (K2+1 ) ) **2+HV2 (NV2) * (K2* (K2+1) ) **3 

F23 (K2,NV2) =BV2 (NV2) *K2* (K2+1) -DV2 (NV2) * 

1  (K2* (K2+1 ) ) **2+HV2 (NV2) * (K2* (K2+1) ) **3+DELTA3 (K2,NV2) 

700  CONTINUE 

C 

C  NOW  CALCULATE  F'(J')  AND  F" ( J’ ) 

C 

DO  2500  Jl=3, 35 

C 

C  FIRST,  CALCULATE  QUANTUM  NUMBER  RELATIONSHIPS 

C  J1=J',  K2=K",  K21R=K"  FOR  FI  R  BRANCH 

C  R  BRANCH:  J"=J’-1,  Q  BRANCH:  J"=J’ ,  P  BRANCH:  J"=J'+1 


\ 
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C  FI:  J=K+1,  F2:  J=K,  F3:  J=K-1 

C 

K21R=Jl-2 

K22R=J1-1 

K23R=J1 

K212=J1-1 

K22Z=J1 

K23Z=J1+1 

K21P=J1 

K22P=J1+1 

K23P=Jl+2 

C 

C  NOW  CALCULATE  F'(J')  (=F11  FOR  FI’) 

C 

Y (NV1 ) =A (NV1 ) /BV1 (NV1 ) 

Z1 ( Jl,  NV1)  =  (HAT**2*Y (NV1) * (Y (NV1) -4) +4/3+4* Jl* (Jl+2) ) /SCALE1 
Z2 ( Jl , NV1 ) = (1/ (Z1 ( Jl, NV1 ) *3) * (HAT**2*Y (NV1 ) * (Y (NVl)-l)- 
1  4/9-2* Jl* (Jl+1) )) /SCALE1 

Fll  ( Jl ,  NV1 )  =BV1  (NV1)  *  (Jl*  (J1  +  1)-Z1  ( Jl,  NV1 )  *  *  0 . 5— 

1  2*Z2 (J1,NV1) ) -DV1 (NV1) * (Jl-0 . 5) **4 

F12 ( Jl, NV1 ) =BV1 (NV1)* (Jl* (Jl+1) +4*Z2 (J1,NV1) )- 
1  DV1 (NV1 ) *  ( Jl+0 . 5) **4 

F13 ( J1,NV1)=BV1 (NV1) * (Jl* (Jl+1) +Z1 (J1,NV1) **0 . 5- 
1  2*Z2 (J1,NV1) ) -DV1 (NV1) * (Jl+1. 5) **4 

C 

C  NOW  CALCULATE  WAVELENGTHS  FOR  FI  R  BRANCH  (WAVE1R)  ETC 

C 

VF1R ( Jl , NV1 ) =VZERO (NV1 , NV2 ) +F11 ( Jl , NV1 ) -F21 (K21R, NV2 ) 

VF1P ( Jl, NV1 ) =VZERO (NV1, NV2) +F11 (J1,NV1)-F21 (K21P,NV2) 

VF1Z ( Jl , NV1 ) =VZERO (NV1 , NV2 ) +F1 1 (J1,NV1)-F21 (K21Z,NV2) 

C 

VF2R ( Jl, NV1) =VZERO (NV1, NV2) +F12 (J1,NV1) -F22 (K22R.NV2) 

VF2P ( Jl , NV1 ) =VZERO (NV1 , NV2 ) +F12 ( Jl , NV1 ) -F22 (K22P , NV2 ) 

VF2Z ( J1,NV1) =VZERO (NV1, NV2) +F12 (J1,NV1)-F22 (K22Z,NV2) 

C 

VF  3R ( Jl , NV1 ) =VZERO (NV1 , NV2 ) +F1 3 ( Jl , NV1 ) -F22 (K2  3R, NV2 ) 

VF3P ( Jl, NV1) =VZERO (NV1 , NV2) +F13 ( Jl,  NV1 ) -F22 (K23P, NV2) 

VF3Z ( Jl , NV1 ) =VZERO (NV1 , NV2 ) +F13 ( Jl , NV1 ) -F22 (K23Z , NV2 ) 

C 

WAVE1R ( Jl , NV1 ) =1 . QE07* (VF1R ( Jl, NV1 ) **-l) /I . 00028 
WAVE2R ( Jl, NV1 ) =1 . 0E07* (VF2R ( Jl , NV1) **-l) /l. 00028 
WAVE3R ( Jl , NV1 ) =1 . 0E07* (VF3R ( Jl, NV1 ) **-l ) /l. 00028 

C 

WAVE1P ( J1,NV1) =1 . 0E07* (VF1P ( Jl, NV1 ) **-l ) /I . 00028 
WAVE2P ( Jl, NV1 ) =1 . OE07* (VF2P ( Jl, NV1) **-l ) /I . 00028 
WAVE3P ( Jl, NV1 ) =1 . 0E07* (VF3P (Jl, NV1) **-l) /l. 00028 

C 

WAVE1Z ( Jl, NV1) =1 . 0E07* (VF1Z ( Jl, NV1 ) **-l ) /I . 00028 
WAVE2Z ( J1,NV1) =1. 0E07* (VF2Z (J1,NV1) **-l) /I . 00028 
WAVE3Z (J1,NV1) =1 . 0E07* (VF3Z ( Jl, NV1 ) **-l ) /l . 00028 
C 

C  NOW  CALCULATE  LINE  INTENSITIES 

C 

SJR(J1)=(J1+1) / 4 
SJZ ( Jl )  =  (2* Jl+1)  /4 
SJP ( Jl) =J1/ 4 

C 

C  BF=ROT.  BOLTZMANN  FACTOR,  SJ=LINE  STRENGTH 


\ 
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c 

BF11 ( Jl, NV1 ) =EXP (-1*1 . 43836*F11 (J1,NV1) /TROT) 

BF12 ( Jl, NV1) =EXP (-1*1 . 43836*F12 ( Jl, NV1) /TROT) 

BF 1 3 ( Jl , NV1 ) =EXP ( - 1 * 1 . 4 3 8 3 6 * F 1 3 ( Jl , NV1 ) / TROT ) 

C 

Ell (J1,NV1) =FC (NV1,NV2) *BF11 (J1,NV1)*BG (NV1) 

E12 ( Jl, NV1) =FC (NV1,NV2)*BF12(J1,NV1)*BG(NV1) 

El 3 ( Jl,  NV1) =FC (NV1, NV2) *BF13 ( Jl, NV1) *BG (NV1) 

C 

C  NOW  WRITE  LINE  DATA  IF  DESIRED 

C 

WRITE  (23,1000)  WAVE1R ( Jl , NV1 ) , WAVE2R ( Jl , NV1 ) , 

1  WAVE3R ( Jl , NV1 ) , WAVE1Z ( Jl , NV1 ) , WAVE 2 Z ( Jl , NV1 ) , 

2  WAVE3Z ( Jl, NV1 ) , WAVE1P ( Jl, NV1 ) 

1000  FORMAT  (7F10.4) 

C  WRITE  (9,1100)  Jl 

C1100  FORMAT  (13) 

C 

2500  CONTINUE 

2600  CONTINUE 

C 

C  Q  BRANCH  FIT  POORLY,  SO  INPUT  Q  BRANCH  LINES  FOR  0,0 

C  FROM  DIXON,  CAN  J  PHYS  37,  1171  (1959) 

C 

C  WAVELENGTH  DATA  INPUT  AS  FI  COMPONENT  OF  Q  BRANCH= 

C  WAVE1Z (J' , V' +1) ,  ETC 

C 

WAVE1Z (2, 1) =336 . 174 
WAVE1Z(3,1)=336.102 
WAVE1Z (4,1) =336. 054 
WAVE1Z (5, 1) =336. 034 
WAVE1Z (6, 1)=336. 014 
WAVE1Z (7, 1) =336 . 004 
WAVE1Z (8, 1) =336 . 004 
WAVE1Z (9, 1) =336 .004 
WAVE1Z (10, 1) =336 . 004 
WAVE1Z (11,1) =336. 014 
WAVE1Z (12,1) =336. 024 
WAVE1Z(13, 1)=336.034 
WAVE1Z (14,1) =336. 054 
WAVE1Z (15, 1) =336 . 074 
WAVE1Z (16,1) =336. 094 
WAVE1Z(17, 1)=336.124 
WAVE1Z (18,1) =336. 154 
WAVE1Z (19,11=336.184 
WAVE1Z (20,1) =336. 234 
WAVE1Z (21,1) =336. 274 
WAVE1Z (22,1) =336. 334 
WAVE1Z (23, 1) =336. 394 
WAVE1Z (24, 1) =336 .464 
WAVE1Z (25, 11=336.544 
WAVE1Z (26, 1) =336. 634 
WAVE1Z (27, 1) =336 . 734 
WAVE1Z (28, 1)=336.854 
WAVE1Z (29, 1)=336. 984 
WAVE1Z (30,1) =337. 134 
WAVE1Z (31,1) =337. 293 


\ 
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WAVE1Z (32,1)=337. 474 

WAVE2Z (2,1) =335 .844 
WAVE2Z (3, 1) =335 . 884 
WAVE2Z (4, 1) =335 . 904 
WAVE2Z (5, 1) =335 . 914 
WAVE2Z (6, 1) =335 . 924 
WAVE2Z (7, 1) =335 . 944 
WAVE2Z (8, 1) =335 .954 
WAVE2Z (9, 1) =335 .964 
WAVE2Z (10,1) =335. 974 
WAVE2Z (11, 1) =335. 994 
WAVE2Z (12,1) =336. 014 
WAVE2Z (13, 11=336.034 
WAVE2Z (14, 1) =336. 054 
WAVE2Z (15,1) =336. 084 
WAVE2Z (16,1) =336. 114 
WAVE2Z (17,1) =336. 144 
WAVE2Z (18,1) =336. 184 
WAVE2Z (19, 1 ) =336.234 
WAVE2Z (20,1) =336. 274 
WAVE2Z (21,1) =336. 334 
WAVE2Z (22,1) =336. 404 
WAVE2Z (23,1) =336. 474 
WAVE2Z (24,1) =336. 554 
WAVE2Z (25, 11=336.644 
WAVE2Z (26, 1)=336.754 
WAVE2Z (27, 1)=336.864 
WAVE2Z (28,1) =336. 994 
WAVE2Z (29,1) =337. 144 
WAVE2Z (30,1) =337. 303 
WAVE2Z (31,1) =337. 484 

WAVE3Z(1, 1)=335.654 
WAVE3Z (2,1) =335. 734 
WAVE3Z (3,1) =335. 774 
WAVE3Z (4,1) =335. 804 
WAVE3Z (5, 1) =335. 834 
WAVE3Z (6,1) =335. 854 
WAVE3Z (7,1) =335. 874 
WAVE3Z (8,1) =335. 894 
WAVE3Z (9, 1) =335 . 914 
WAVE 3 Z (10,1)=335. 924 
WAVE3Z (11,1) =335. 954 
WAVE3Z (12, 11=335.974 
WAVE3Z (13,1) =336. 004 
WAVE3Z (14, 1)=336.034 
WAVE3Z (15,1) =336. 064 
WAVE3Z (16,1) =336. 104 
WAVE3Z (17, 1)=336.144 
WAVE3Z (18,1) =336. 184 
WAVE3Z (19,1) =336. 244 
WAVE3Z (20, 1) =336 . 294 
WAVE3Z (21,1) =336. 364 
WAVE3Z(22, 1)=336.434 
WAVE3Z (23,1) =336.524 
WAVE3Z (24,1) =336. 614 
WAVE3Z (25,1) =336. 714 


199 


WAVE3Z (26, 11=336. 834 
WAVE3Z (27,1) =336. 964 
WAVE3Z (28,1) =337. 114 
WAVE3Z (29,1) =337. 274 
WAVE3Z (30,1) =337. 463 

WAVE1R(3, 1) =335. 364 
WAVE1R (4, 1) =334 . 954 
WAVE1R(5, 1) =334 . 564 
WAVE1R (6,1) =334 .184 
WAVE1R(7, 1) =333 . 814 
WAVE1R(8, 1) =333 . 445 
WAVE1R (9, 1)=333.095 
WAVE1R(10, 1) =332 . 745 
WAVE1R (11,1) =332. 395 
VJAVE1R  (12, 1)  =332 . 065 
WAVE1R (13,1) =331. 735 
WAVE1R (14, 1) =331 .415 
WAVE1R(15, 1) =331 . 115 
WAVE1R(16, 1) =330 . 815 
WAVE1R (17,1) =330. 526 
WAVE1R(18, 1)=330.245 
WAVE1R(19, 1) =329 . 976 
WAVE1R (20,1) =329. 726 
WAVE1R(21, 1)=329. 486 
WAVE1R (22,1) =329. 256 
WAVE1R(23, 1)=329.046 
WAVE1R(24, 1) =328 .856 
WAVE1R (25,1) =328. 686 
WAVE1R (26, 1) =328 .536 
WAVE1R (27, 1) =328 . 396 
WAVE1R (28, 11=328.276 
WAVE1R (29,1) =328. 186 
WAVE1R(30, 1) =328. 126 
WAVE1R (31,1) =328. 086 
WAVE1R(32, 1)=328.076 
WAVE1R(33, 11=328.096 

WAVE2R (3, 1) =334 . 764 
WAVE2R (4, 1) =334 . 414 
WAVE2R(5, 1)=334.074 
WAVE2R(6, 1)=333.725 
WAVE2R(7, 1) =333. 375 
WAVE2R(8, 1)=333.025 
WAVE2R(9, 1) =332. 685 
WAVE2R(10, 1)=332.355 
WAVE2R(11, 11=332.025 
WAVE2R(12, 11=331.705 
WAVE2R (13,1) =331. 395 
WAVE2R (14,1) =331. 085 
WAVE2R(15, 1) =330 . 795 
WAVE2R (16, 1) =330 . 506 
WAVE2R(17,1) =330.226 
WAVE2R (18, 1) =329. 966 
WAVE2RU9, 11=329.716 
WAVE2R(20, 1) =329. 476 
WAVE2R(21, 1)=329.256 
WAVE2R(22, 11=329.046 


WAVE2R(23, 1) =328 .856 
WAVE2R (24,1) =328. 686 
WAVE2R(25, 1) =328. 536 
WAVE2R(26, 1) =328 . 396 
WAVE2R(27, 1) =328 .286 
WAVE2R(28, 1) =328 . 196 
WAVE2R(29, 1) =328 .136 
WAVE2R(30, 1) =328. 096 
WAVE2R(31, 1) =328 . 096 
WAVE2R(32, 1) =328 . 126 

WAVE3R (2, 1) =334 . 644 
WAVE3R(3, 1) =334 . 324 
WAVE3R(4, 1) =333 . 984 
WAVE3R (5, 1) =333 .655 
WAVE3R(6, 1) =333 . 315 
WAVE3R (7, 1) =332. 975 
WAVE3R(8, 1) =332 . 645 
WAVE3R(9, 1) =332. 315 
WAVE3R (10,1) =331. 995 
WAVE3R(11, 1) =331 . 675 
WAVE3R (12, 1) =331 . 365 
WAVE3R (13,1) =331. 065 
WAVE3R(14, 1) =330 .775 
WAVE3R (15, 1) =330 . 486 
WAVE3R(16, 1) =330 . 216 
WAVE3R(17, 1) =329. 956 
WAVE3R (18,1) =329. 707 
WAVE3R(19, 1) =329. 476 
WAVE3R(20, 1) =329. 246 
WAVE3R(21, 1)=329.046 
WAVE3R(22, 1) =328 .856 
WAVE3R(23, 1) =328 .686 
WAVE3R (24, 1) =328 .536 
WAVE3R(25, 1) =328 .396 
WAVE3R (26,1) =328. 286 
WAVE3R(27, 1)=328.196 
WAVE3R(28, 1) =328 .136 
WAVE3R (29, 1)=328.096 
WAVE3R(30, 1)=328.096 
WAVE3R(31, 1)=328.126 

WAVE1P (2, 11=336.914 
WAVE1P (3, 1)=337. 204 
WAVE1P (4, 1)=337. 534 
WAVE1P (5, 1)=337. 873 
WAVE1P (6, 11=338. 223 
WAVE1P (7, 1)=338. 573 
WAVE1P (8, 11=338. 923 
WAVE1P (9, 1)=339. 273 
WAVE1P (10, 11=339. 633 
WAVE1P (11, 1)=339. 983 
WAVE1P (12, 1)=340. 333 
WAVE1P (13, 11=340. 683 
WAVE1P( 14, 1)=341. 022 
WAVE1P (15, 11=341. 362 
WAVE1P (16, 1)=341. 702 
WAVE1P (17, 1)=342. 042 


WAVE1P (18,1) =342. 382 
WAVE IP (19, 1)=342 . 712 
WAVE1P (20,1) =343 . 042 
WAVE1P (21,1) =343. 372 
WAVE1P (22,1) =343. 702 
WAVE1P (23,1) =344. 032 
WAVE1P (24,1) =344. 361 
WAVE1P (25,1) =344. 701 
WAVE1P (26,1) =345. 031 
WAVE1P (27,1) =345. 361 
WAVE1P (28, 1) =345. 701 
WAVE1P (29,1) =346. 051 
WAVE1P (30,1) =346. 401 
WAVE1P (31,1) =346. 761 
WAVE1P( 32,1) =347. 131 
WAVE1P(33, 1)=347.511 
WAVE1P (34,1) =347. 911 

WAVE2P (3, 1)=337. 343 
WAVE2P (4,1) =337 . 723 
WAVE2P (5, 1) =338 . 103 
WAVE2P (6, 1) =338. 483 
WAVE2P (7, 1) =338 . 843 
WAVE2P (8, 1) =339 .213 
WAVE2P (9, 1)=339. 573 
WAVE2P (10,1) =339. 933 
WAVE2P (11,1) =340. 293 
WAVE2P (12,1) =340. 643 
WAVE2P (13,1) =340. 992 
WAVE2P (14,1) =341. 342 
WAVE2P (15,1) =341. 682 
WAVE2P (16,1) =342. 032 
WAVE2P (17,1) =342. 372 
WAVE2P (18,1 ) =342. 702 
WAVE2P (19,1) =343. 042 
WAVE2P (20,1) =343. 372 
WAVE2P (21,1) =343. 702 
WAVE2P (22,1) =344. 032 
WAVE2P (23,1) =344. 361 
WAVE2P (24,1) =344. 701 
WAVE2P (25,1)=345.031 
WAVE2P (26,1) =345. 371 
WAVE2P (27, 1)=345.711 
WAVE2P(28, 1)=346.061 
WAVE2P (29,1) =346.  411 
WAVE2P (30, 1)=347 . 151 
WAVE2P (31,1) =347. 531 
WAVE2P (32, 1)=347.930 

WAVE3P (2, 1) =337. 224 
WAVE3P (3,1) =337. 633 
WAVE3P (4, 1) =338 . 023 
WAVE3P (5, 11=338.403 
WAVE3P (6, 1) =338 .783 
WAVE3P (7,1) =339. 163 
WAVE3P (8, 11=339.523 
WAVE3P (9, 1)=339. 893 
WAVE3P (10,1) =340. 253 


non 


WAVE3P (11,1) =340. 613 
WAVE3P (12,1) =340. 962 
WAVE3P (13,1) =341. 312 
WAVE3P (14,1) =341. 662 
WAVE3P (15,1) =342. 012 
WAVE3P (16, 1) =342 . 352 
WAVE3P (17, 1) =342 . 692 
WAVE3P (18,1) =343. 032 
WAVE3P (19, 1) =343. 362 
WAVE3P (20, 1) =343 . 702 
WAVE3P (21,1) =344. 032 
WAVE3P (22, 1) =344 . 361 
WAVE 3 P (23, 1) =344 . 701 
WAVE3P (24, 1) =345. 031 
WAVE3P (25,1) =345. 371 
WAVE3P (26, 1) =345 . 711 
WAVE3P (27,1) =346. 061 
WAVE3P (28,1) =346. 411 
WAVE3P (29, 1) =347 . 151 
WAVE3P (30,1) =347. 531 
WAVE3P( 31,1) =347. 941 

1,1  Q  BRANCH  FIT  POORLY  SO  USE  FUNKE  DATA 

WAVE 3 P (2, 2) =338 . 215 
WAVE3P (3, 2) =338 . 615 
WAVE3P (4, 2) =339. 005 
WAVE3P (5, 2) =339. 395 
WAVE3P (6, 2) =339, 775 
WAVE3P (7, 2) =340. 155 
WAVE3P (8, 2) =340. 535 
WAVE3P (9, 2) =340 . 915 
WAVE3P (10, 2) =341 . 294 
WAVE3P (11, 2) =341 . 664 
WAVE3P (12, 2) =342 . 044 
WAVE3P (13, 2) =342. 424 
WAVE3P (14, 2) =342. 794 
WAVE3P (15, 2) =343. 174 
WAVE3P (16,2) =343 . 554 
WAVE3P (17, 2)  =343. 934 
WAVE3P (18, 2) =344 . 324 
WAVE3P (20, 2) =345, 103 
WAVE3P (21, 2) =345 . 503 
WAVE3P (22,2)=345.913 
WAVE3P (23, 2) =346 . 323 
WAVE3P (24, 2) =346, 743 
WAVE3P (25, 2) =347. 173 
WAVE3P (26, 2) =347. 633 
WAVE3P (27, 2) =348 . 093 
WAVE3P (28, 2) =348. 582 

WAVE3Z (4, 2) =336. 866 
WAVE3Z (5,2) =336 . 906 
WAVE3Z (6, 2) =3 36. 946 
WAVE3Z (7, 2) =336. 986 
WAVE3Z (8, 2) =337 . 026 
WAVE3Z (9, 2) =337. 066 
WAVE3Z (10, 2) =337. 116 
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WAVE3Z (11,2) =337 . 166 
WAVE 3 Z (12,2) =337 . 226 
WAVE3Z (13, 2) =337 . 276 
WAVE3Z (14, 2) =337 . 356 
WAVE3Z (15, 2) =337 . 426 
WAVE3Z (16, 2) =337 . 515 
WAVE3Z (17, 2) =337 . 605 
WAVE3Z (18,2) =337 .705 
WAVE3Z (19, 2) =337 . 815 
WAVE3Z (20, 2) =337 . 945 
WAVE3Z (21,2) =338 .085 
WAVE3Z (22, 2) =338 . 235 
WAVE3Z (23, 2) =338 . 405 
WAVE3Z (24,2) =338 .595 
WAVE3Z (25, 2) =338.  785 
WAVE3Z (26, 2) =339. 005 
WAVE3Z (27, 2) =339. 215 
WAVE3Z (28, 2) =339. 445 

WAVE3R (2, 2) =335 . 736 
WAVE3R (3, 2) =335 . 416 
WAVE3R (4, 2) =335 . 106 
WAVE3R (5, 2) =334 . 796 
WAVE3R (6, 2) =334 . 486 
WAVE3R (7, 2) =334 . 186 
WAVE3R(8, 2)=333. 887 
WAVE3R (9, 2) =333 . 587 
WAVE3R(10, 2) =333 . 307 
WAVE3R (11, 2) =333 . 027 
WAVE3R (12,2) =332 . 767 
WAVE3R (13, 2) =332 . 507 
WAVE3R(14, 2) =332 . 267 
WAVE3R(15, 2) =332 . 037 
WAVE3R (16, 2) =331 . 817 
WAVE 3R (17, 2) =331 . 627 
WAVE3R (18, 2) =331 . 437 
WAVE3R (19, 2) =331 .277 
WAVE3R (20, 2) =331 . 137 
WAVE3R(21, 2) =331 . 007 
WAVE3R (22,2) =330 . 907 
WAVE3R (23, 2) =330 . 827 
WAVE3R(24, 2) =330 .777 
WAVE3R(25, 2) =330 . 757 
WAVE3R(26, 2) =330 .817 
WAVE3R (27, 2) =330 . 887 
WAVE3R (28, 2) =331 . 007 
WAVE3R (29, 2) =331 .177 

WAVE2P (3, 2) =338 . 335 
WAVE2P (4, 2) =338 . 715 
WAVE2P (5, 2) =339. 095 
WAVE2P (6,2) =339. 465 
WAVE2P (7, 2) =339 . 845 
WAVE2P (8, 2) =340 . 215 
WAVE2P (9, 2) =340 . 585 
WAVE2P (10,2) =340 . 955 
WAVE2P (11, 2) =341 . 334 
WAVE2P (12, 2) =341. 704 


WAVE2P (13, 2) =342 . 074 
WAVE2P (14,2) =342. 444 
WAVE2P (15, 2) =342 . 824 
WAVE2P<16,2)=343.194 
WAVE2P (17, 2) =343. 574 
WAVE2P (18, 2) =343 . 954 
WAVE2P (19, 2) =344 . 334 
WAVE 2 P (20, 2) =344 . 723 
WAVE2P (21, 2) =345 . 113 
WAVE2P (22,2) =345 . 513 
WAVE2P (23,2) =345 . 913 
WAVE2P (24, 2) =346 . 323 
WAVE2P (25, 2) =346 . 743 
WAVE2P (26, 2) =347. 173 
WAVE2P (27, 2) =347 . 633 
WAVE2P (28, 2) =348 . 093 
WAVE2P  (29, 2) =348 . 582 

WAVE2Z (2,2) =336 .886 
WAVE2Z (3, 2) =336 . 926 
WAVE2Z (4, 2) =336. 956 
WAVE2Z (5, 2) =336. 986 
WAVE2Z  (6, 2) =337 . 006 
WAVE2Z (7, 2) =337 . 036 
WAVE2Z (8,2) =337 . 066 
WAVE2Z (9, 2) =337 .096 
WAVE2Z  (10, 2) =337 .136 
WAVE2Z (11, 2) =337. 176 
WAVE2Z (12, 2) =337 . 226 
WAVE2Z (13,2) =337 .276 
WAVE2Z (14, 2) =337 . 336 
WAVE2Z (15, 2) =337. 406 
WAVE2Z (16,2) =337 .476 
WAVE2Z (17, 2) =337 . 555 
WAVE2Z (18, 2) =337 . 655 
WAVE2Z (19, 2)=337. 745 
WAVE2Z (20, 2) =337 . 865 
WAVE2Z (21, 2) =337 . 985 
WAVE2Z (22, 2) =338 . 115 
WAVE2Z (23, 2) =338 . 275 
WAVE2Z (24, 2) =338 . 445 
WAVE2Z (25, 2) =338 . 625 

WAVE2R (3, 2) =335 . 846 
WAVE2R(4, 2) =335 . 516 
WAVE2R(5, 2) =335 . 196 
WAVE2R (6, 2) =334 . 876 
WAVE2R (7, 2) =334 . 556 
WAVE2R (8, 2) =334 . 236 
WAVE2R (9, 2) =333. 936 
WAVE2R(10, 2) =333. 637 
WAVE2R (11, 2) =333 . 347 
WAVE2R(12, 2) =333. 057 
WAVE2R(13, 2) =332 .797 
WAVE2R (14, 2) =332 .537 
WAVE2R (15, 2) =332 . 287 
WAVE2R (16, 2) =332 . 057 
WAVE2R (17, 2) =331 . 837 


WAVE 2 R (18,2) =331 . 637 
WAVE2R (1 9, 2) =331 . 457 
WAVE2R (20, 2) =331 . 287 
WAVE2R(21, 2) =331 . 137 
WAVE2R(22, 2) =331 . 017 
WAVE2R (23, 2) =330 . 907 
WAVE2R(24, 2) =330 . 827 
WAVE2R(25,  2)  =330 . 777 
WAVE2R(26, 2) =330 . 757 
WAVE2R(27, 2) =330 . 817 
WAVE2R (28, 2) =330. 887 
WAVE2R(29, 2) =331 . 007 
WAVE2R(30, 2) =331 . 177 

WAVE1P (3, 2) =338. 185 
WAVE1P (4,2) =338 . 525 
WAVE1P (5, 2) =338 . 865 
WAVE1P (6, 2) =339 . 215 
WAVE1P (7, 2) =339. 565 
WAVE1P (8, 2) =339. 925 
WAVE1P (9,2) =340 .285 
WAVE1P (10,2) =340 . 645 
WAVE1P (11, 2) =341. 005 
WAVE1P (12, 2) =341. 364 
WAVE1P (13, 2) =341 . 734 
WAVE1P (14, 2) =342 . 104 
WAVE1P (15, 2) =342. 474 
WAVE1P (16, 2) =342. 844 
WAVE1P (17, 2) =343 . 214 
WAVE1P (18, 2) =343 . 584 
WAVE1P (19, 2) =343. 964 
WAVE1P (20, 2) =344 . 334 
WAVE1P (21, 2) =344. 723 
WAVE1P (22,2) =345 . 113 
WAVE1P (23,2) =345 . 513 
WAVE1P (24,2) =345 . 913 
WAVE1P (25, 2) =346. 323 
WAVE1P (26, 2) =346. 743 
WAVE1P (27, 2) =347. 173 
WAVE1P (28, 2) =347 . 623 
WAVE1P (29, 2) =348. 083 
WAVE1P (30, 2) =348. 572 

WAVE1Z (12, 2) =337. 206 
WAVE1Z (13,2) =337 .246 
WAVE1Z (14, 2) =337 . 296 
WAVE1Z (15, 2) =337 . 356 
WAVE1Z (16,2)=337.416 
WAVE1Z (17, 2) =337. 486 
WAVE1Z (18,2)=337.565 
WAVE1Z (19, 2) =337 . 655 
WAVE1Z (20,2) =337 .745 
WAVE1Z (21, 2) =337 . 865 
WAVE1Z (22, 2) =337 . 985 
WAVE1Z (23, 2) =338. 115 
WAVE1Z (24, 2) =338 . 265 
WAVE1Z (25,2) =338 .435 
WAVE1Z (26, 2) =338. 615 
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WAVE1Z (27,2) =338. 805 

C 

WAVE1R(5, 2) =335 . 656 
WAVE1R (6, 2) =335 . 306 
WAVE1R(7, 2) =334 . 966 
WAVE1R (8,  2)  =334 . 626 
WAVE1R (9, 2) =334 . 306 
WAVE1R(10,2)=333. 986 
WAVE1R(11, 2) =333 . 677 
WAVE1R(12, 2) =333 . 387 
WAVE1R (13, 2) =333 . 097 
WAVE1R (14, 2) =332 . 827 
VJAVE1R  (15,  2)  =332 . 557 
WAVE1R(16, 2) =332 . 307 
WAVE1R (17, 2) =332 . 077 
WAVE1R (18, 2) =331 . 857 
WAVE1R(19,  2) =331 . 647 
WAVE1R(20, 2) =331 . 467 
WAVE1R(21, 2) =331 .297 
WAVE1R (22, 2) =331 . 137 
WAVE1R(23, 2) =331 . 017 
WAVE1R(24, 2)  =330.907 
WAVE1R (25, 2) =330 . 827 
WAVE1R (26, 2) =330 . 777 
WAVE1R(27, 2) =330 .757 
WAVE1R (28, 2) =330 . 807 
WAVE1R(29,  2) =330 . 877 
WAVE1R (30, 2) =330 . 997 
WAVE1R(31, 2) =331 . 157 
C 

WRITE  (9,2700) 

2700  FORMAT  (/, 'LINE  CALCULATIONS  COMPLETE  -  SCANNING  UNDERWAY',/) 
CLOSE  (UNIT=23) 

C 

C  NOW  START  SCANNING  OVER  LINES 

C 

DO  3000  1=1 , NDATA 
3000  WSCAN (I) =0 . 000 

WSCAN ( 0 ) =WINIT 
DO  5000  K=l, NDATA 
DO  3100  12=1, NDATA 
3100  EINCR (12) =0.000 

DO  3200  13=1, NDATA 
3200  ENET (13) =0.000 

M=K-1 

WSCAN (K) =WSCAN (M) +0 . 0175 

C 

C  SCAN  OVER  THREE  VIBRATIONAL  LEVELS 

C 

DO  4300  NV1=1, 3 

C 

C  NOW  SCAN  OVER  3  R  BRANCH  LINES 

C 

DO  4000  Jl=3, 35 

WDELT=WSCAN ( K ) -WAVE 1 R ( J1 , NV1 ) 

DELTA=ABS (WDELT) 

IF (DELTA. GT. RES)  GO  TO  3900 
FRAC= (RES-DELTA) /RES 


\ 


207 


GO  TO  3950 
3900  FRAC=0 .000 

3950  EINCR  (Jl ) =FRAC*E11 (J1,NV1) *SJR(J1) 

ENET (K) =ENET (K) +EINCR ( J1 ) 

4000  CONTINUE 

DO  4100  Jl=3, 35 
WDELT=WSCAN(K) -WAVE2R(J1,NV1) 
DELTA=ABS (WDELT) 

IF (DELTA. GT. RES)  GO  TO  4025 
FRAC= (RES-DELTA) /RES 
GO  TO  4050 
4025  FRAC=0 . 000 

4050  EINCR (Jl) =FRAC*E12  (J1,NV1)  *SJR(J1) 
ENET (K) =ENET (K) +EINCR ( JI ) 

ESUM (K) =ENET (K) 

4100  CONTINUE 

DO  4200  Jl=3,  35 

WDELT=WSCAN  ( K )  -WAVE  3R  ( Jl ,  NV1 ) 

DELTA=ABS (WDELT) 

IF (DELTA. GT. RES)  GO  TO  4125 
FRAC= (RES-DELTA) /RES 
GO  TO  4150 
4125  FRAC=0 . 000 

4150  EINCR (Jl ) =FRAC*E13 ( Jl , NV1 ) *SJR ( Jl ) 

ENET (K) =ENET (K) +EINCR ( Jl ) 

ESUM  (K) =ENET (K) 

4200  CONTINUE 
C 

c  NOW  SCAN  OVER  3  P  BRANCH  LINES 

C 

DO  4215  Jl=3, 35 
WDELT=WSCAN (K) -WAVE1P ( Jl , NV1 ) 
DELTA=ABS (WDELT) 

IF (DELTA. GT. RES)  GO  TO  4205 
FRAC=  (RES-DELTA) /RES 
GO  TO  4210 
4205  FRAC=0 .000 

4210  EINCR (J1)=FRAC*E11 (J1,NV1) *SJP (Jl) 
ENET (K) =ENET (K) +EINCR ( Jl) 

4215  CONTINUE 

DO  4230  Jl=3, 35 
WDELT=WSCAN (K) -WAVE2P (J1,NV1) 
DELTA=ABS (WDELT) 

IF  (DELTA. GT. RES)  C-0  TO  4220 
FRAC= (RES-DELTA) /RES 
GO  TO  4225 
4220  FRAC=0 .000 

4225  EINCR (J1)=FRAC*E12 ( Jl,  NV1 ) *SJP ( Jl ) 

ENET (K) =ENET (K) +EINCR ( Jl ) 

ESUM  (K)  =ENET  (K) 

4230  CONTINUE 

DO  4245  Jl=3, 35 
WDELT=WSCAN (K) -WAVE 3 P ( Jl , NV1 ) 
DELTA=ABS (WDELT) 

IF (DELTA. GT. RES)  GO  TO  4235 
FRAC= (RES-DELTA) /RES 
GO  TO  4240 
4235  FRAC=0 .000 
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4240 


4245 

C 

C 

C 


4250 

4255 

4260 


4265 

4270 


4275 


4280 

4285 


4290 

4300 

C 

C 

C 

C 

c 

c 

c 


4900 

4950 


EINCR ( J1 ) =FRAC*E13 (J1,NV1) *SJP (Jl) 
ENET (K) =ENET (K) +EINCR ( Jl ) 

ESUM(K) =ENET (K) 

CONTINUE 

NOW  SCAN  OVER  3  Q  BRANCH  LINES 

DO  4260  Jl=3, 35 
WDELT=WSCAN (K) -WAVE1Z (J1,NV1) 
DELTA=ABS (WDELT) 

IF (DELTA. GT. RES)  GO  TO  4250 
FRAC= (RES-DELTA) /RES 
GO  TO  4255 
FRAC=0 .000 

EINCR (Jl) =FRAC*E11 ( Jl,  NV1) *SJ2 (Jl) 
ENET (K) =ENET (K) +EINCR ( Jl ) 

CONTINUE 
DO  4275  Jl=3, 35 
WDELT=WSCAN(K) -WAVE 2 Z (J1,NV1) 
DELTA=ABS (WDELT) 

IF (DELTA. GT. RES)  GO  TO  4265 
FRAC= (RES-DELTA) /RES 
GO  TO  4270 
FRAC=0 .000 

EINCR (Jl ) =FRAC*E12 ( Jl ,  NV1 )  *S JZ  ( Jl ) 
ENET (K) =ENET (K) +EINCR ( Jl) 

ESUM (K) =ENET (K) 

CONTINUE 
DO  4290  Jl=3, 35 
WDELT=WSCAN (K) -WAVE 3 Z ( Jl , NV1 ) 
DELTA=ABS (WDELT) 

IF (DELTA. GT. RES)  GO  TO  4280 
FFAC= (RES-DELTA) /RES 
GO  TO  4285 
FRAC=0 .000 

EINCR (Jl ) =FRAC*E13 ( Jl,  NV1 )  SJZ(Jl) 
ENET (K) =ENET (K) +EINCR ( Jl ) 

ESUM  (K)  =ENET  (K) 

CONTINUE 

CONTINUE 


NOW  WRITE  DATA  TO  FILE  IF  DESIRED 


WRITE (23, 4950)  WSCAN (K) , CHAR (9) , ENET (K) 
4950  FORMAT  (F8 . 3, A1 , F8 . 2) 

WRITE  (9,4975)  K 
4975  FORMAT  (14) 


IF 

IF 

IF 

IF 

IF 

IF 

IF 


(K.EQ.175)  GO  TO  4900 
(K.EQ.350)  GO  TO  4900 
(K.EQ.525)  GO  TO  4900 
(K.EQ.700)  GO  TO  4900 
(K.EQ.1000)  GO  TO  4900 


(K.EQ.1250) 
(K.EQ.1500) 
GO  TO  5000 
WRITE  (9,4950) 
FORMAT  (14, '  / 


GO  TO  4900 
GO  TO  4900 

K,NDATA 

',14,'  POINTS') 
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4951  GO  TO  5000 

5000  CONTINUE 

WRITE  (9,5100) 

5100  FORMAT  (/, 'SCANNING  COMPLETE  -  POST-PROCESSING  UNDERWAY') 

OPEN (UNIT=23,  FILE= ' DATA ' ,  FORM= ' FORMATTED ’ , STATUS= ’ NEW ' ) 

C 

C  NOW  CHANGE  DATA  TO  FAST  FORMAT 

C 

COLUMNS=2 
WRITE (23) COLUMNS 

CALL  FASTSAVE( 'Wavelength,  nm  ' ,NDATA,WSCAN) 

CALL  FASTSAVE ( ' NH  intensity  ' , NDATA, ESUM) 

CALL  CRICKET (’ DATA ' ) 

8200  CLOSE  (UNIT=23) 

8300  END 

C 

C  REAL  FASTSAVE  SUBROUTINE 
C 

SUBROUTINE  FASTSAVE (TITLE,  NUM,  L  ) 

CHARACTER* 1 5  TITLE 
INTEGER* 2  NUM 
REAL  L  (  NUM  ) 

CHARACTER* 32  BUFFER 

INTEGER* 2  COUNT 
CHARACTER* 16  TITLEP 

C 

C  determine  the  output  data  size  in  bytes 

C 

100  COUNT  =  NUM  *  11 

c 

C  change  the  column  title  to  a  pascal  string 

TITLEP  =  char (len (trim (TITLE) )) //TITLE 
WRITE (  23  ) TITLEP 
WRITE (  23  ) COUNT 

C 

DO  300  1=1,  NUM,  1 

C  write  integer  data  to  string  buffer  so  ascii  character 

WRITE (  BUFFER,  200  )L(  I  ) 

200  FORMAT (  F10.3  ) 

WRITE (  23  ) trim (  BUFFER  )//char(  13  ) 

300  CONTINUE 

C 

RETURN 

END 

C 

C 

C  This  subroutine  changes  the  File  whose  name  is  passed 

C  to  the  type  and  creator  of  a  Cricket  Graph  Fast  Format 

C  file. 

C 

SUBROUTINE  CRICKET (  NAME  ) 

C 

character* (*)  NAME 
INTEGER* 4  toolbx 
CHARACTER* 256  FILENAME 
INTEGER  PTR 
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no  noon  noon 


PARAMETER  (PTR=Z ' COOOOOOO ' ) 


include  XP  20 : FORTRAN: INCLUDE  FILES ifile.inc 
include  XP  20 : FORTRAN: INCLUDE  FILES :params.inc 

change  the  file  name  to  a  PASCAL  string 
FILENAME  =  Char (len (TRIM (  NAME) )) //TRIM (NAME  ) 

set  the  toolbox  parameters  to  call  PBGETFILEINFO 

ionameptr  =  toolbx(PTR,  FILENAME  ) 

iocompletion  =  0 

iofdirindex  =  -1 

iocompletion  =  0 

iovrefnum  =  0 

iofversnum  =  0 

toolbox  routine  to  get  file  info 

CALL  toolbx (PBGETFILEINFO,  toolbx (PTR,  params) ) 

Cricket  Graph  Fast  Format  type  and  Creator 
fdtype  =  ' STWK' 
fdcreator  =  ' CGRF ' 

toolbox  routine  to  set  file  info 

CALL  toolbx (PBSETFILEINFO,  toolbx (PTR,  params)) 

RETURN 

END 
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APPENDIX  C.  LISTING  OF  HEAT  OF  EXPLOSION  (Hex)  PROGRAM 


This  program  uses  Fortran  2.2  for  the  Macintosh  as  did  the  programs  in  Appendices  A 
and  B.  The  program  is  discussed  in  Section  3.3. 

PROGRAM  HEXCALC 

REAL  NC ( 5 ) , NH ( 5 ) , NO ( 5 ) , NN ( 5 ) , HEATF ( 5 ) , MSFRAC ( 5 ) 

REAL  MLFRAC (5) ,  MOLES (5),  XMW(5) 

REAL  MC, MH, MO, MN,MCNET,MHNET, MONET, MNNET 
REAL  HPROD , HREACT , MWREAC 
REAL  HEX , DELTAE , MOLSUM, DELTAH , DELTAN 
REAL  MC02, MCO, MH20, MH2 , MN2 , M02 
CHARACTER* 5  TITLE (5) 

INTEGER  MM, DD, YY 

OPEN (UNIT=2  3 , FILE= ’ XP  20: FORTRAN : HEXIN ' , 

1  FORM= ' FORMATTED ',STATUS=' OLD') 

READ  (23,800)  NCOM 
800  FORMAT  (II) 

WRITE  (9,805)  NCOM 
805  FORMAT  (II) 

DO  902  1=1, NCOM 

READ  (23,825)  TITLE (I) , NC (I) , NH (I) , NO (I) , NN (I) , 

1  HEATF  (I)  , MSFRAC  (I) 

825  FORMAT  (A5, 4F9 . 3, F10 . 3, F5 . 3) 

WRITE  (9,900)  TITLE ( I ) , NC ( I ) , NH ( I ) , NO ( I ) , NN ( I ) , 

1  HEATF  (I)  , MSFRAC  (I) 

900  FORMAT  (A5, /, 'C' ,F9. 3, /, ' H' , F9. 3, /, 

1  '0',F9.3,/, 'N',F9.3,/,  ' HEATF ' ,  F10 . 3,  /,  ' MSFRAC= ' , F5 . 3 ) 

902  CONTINUE 
CLOSE  (UNIT=23) 

OPEN  (UNIT=23, 

1  FILE=’XP  20 : FORTRAN : HEXOUT ’ , STATUS= ' NEW' ) 

CALL  DATE (MM, DD, YY) 

WRITE  (23,903)  MM, DD, YY 

903  FORMAT  (//, 9X, ' HEX  CALCULATION  FOR  ', 12, '/ \  12, '/', 12) 

DO  905  1=1, NCOM 

WRITE  (23,904)  TITLE (I) ,NC (I) ,NH (I) ,NO (I) ,NN (I ) , 

1  HEATF  (I)  , MSFRAC  (I) 

904  FORMAT  (A5, /, F9. 3, /,F9 . 3, /, F9 . 3, /, F9 . 3, /, F10 . 3, /, F5 . 3) 

MOLES (I) =0.00 

905  CONTINUE 
MCNET=0 . 00 
MHNET=0 . 00 
MONET=0 . 00 
MNNET=0 . 00 

DO  920  1=1, NCOM 

XMW (I) =NC (I) *12 . 01115+NH (I) *1 . 00797+NO (I) *15. 9994+NN(I) *14.0067 
WRITE  (23,915)  XMW (I) 

915  FORMAT  (F9.3) 

MOLES ( I ) =MSFRAC ( I ) /XMW ( I ) 

920  CONTINUE 

MOLSUM=MOLES ( 1 ) +MOLES ( 2 ) + MOLES ( 3 ) + MOLES ( 4 ) +MOLES ( 5 ) 

DO  930  1=1, NCOM 

MLFRAC (T ) =MOLES (I ) /MOLSUM 

MC=MLFRAC  (I ) *NC (I ) 

MCNET=MCNET+MC 

WRITE  (23,925)  I, XMW (I) 

925  FORMAT  (II, /, 'XMW=' ,F9. 3) 
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MH=MLFRAC ( I ) *NH ( I ) 

MHNET=MHNET+MH 
MO=MLFRAC (I) *N0 (I) 

MONET=MONET+MO 

MN=MLFRAC(I)*NN(I) 

MNNET=MNNET+MN 
930  CONTINUE 

WRITE  (23,935)  MCNET,MHNET, MONET, MNNET 
935  FORMAT  ( 'MCNET=' , F9 . 5, /, 'MHNET=' , F9 . 5, /, 

1  'MONET=',F9.5,/, 'MNNET=' ,F9. 5) 

C 

C  NOW  CALCULATE  DELTA  H  (RXN) 

C 

DO  940  1=1, NCOM 

HREACT=HREACT +MLFRAC (I) *HEATF (I) 

940  CONTINUE 

C 

C  STOICHIOMETRY 

C 

TESTl=2*MCNET+0 . 5*MHNET 
TEST2=MCNET+0 . 5*MHNET 

C 

IF (MONET. GE.TEST1)  GO  TO  950 

IF (MONET. GE.TEST2)  GO  TO  960 

GO  TO  970 

C 

C  OXYGEN  RICH:  02  in  products,  no  CO,  H2  (no>2nc+nh/2) 

C 

950  MC02=MCNET 

MH2O=0 . 5*MHNET 
MN2=0 . 5*MNNET 

M02= (MONET-2*MCNET-0 . 5*MHNET) / 2 
MH2=0 . 00 
MCO=0 . 00 
GO  TO  990 

C 

C  INTERMEDIATE:  CO,  C02  found,  no  H2  (nc+nh/2<no<2nc+nh/2) 

C 

960  MCO2=MONET-0 . 5*MHNET-MCNET 
MN2=0 . 5*MNNET 

MCO=2*MCNET+0 . 5*MHNET-MONET 
MH2O=0 . 5*MHNET 
MH2=0 . 00 
MO2=0 . 00 
GO  TO  990 
C 

C  FUEL  RICH:  CO,  H20,  AND  H2  FOUND,  NO  C02  (nc<no<nc+nh/2) 

C 

970  MCO=MCNET 

MH2OM0NET-MCNET 
MH2= (MHNET-2* (MONET-MCNET) ) /2 
MN2=0. 5*MNNET 
MCO2=0 . 00 
MO2=0 . 00 
C 

990  WRITE  (23,1000)  MC02,MC0,MH20,MH2,MN2,M02 
1000  FORMAT  ( 'MC02=' , F9. 5, /, 'MCO=' , F9. 5, /, 

1  'MH20=',F9.5,/, 'MH2=' , F9 . 5, /, ’MN2=’ , F9. 5, /, 'M02=',F9.5 
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HPR0D=MC02* (-1*94. 050) +MCO* (-1*26. 420) +MH20* (-1*68.320) 

DELTAH=HPROD-HKEACT 

DELTAN=MNNET/ 2 +MONET / 2 -MHNET/ 4 

DELTAE=DELTAH-DELTAN*1 . 987*298/1000 

MWR£AC=l/MOLSUM 

HEX=-l*DELTAE*MOLSUM 

WRITE  (23,1050)  HEX,MWREAC 

1050  FORMAT  ( 'HEX=' ,F9. 4, '  KCAL/GM' , /, 'MWREAC=' , F9 . 3, '  GM/MOL') 
WRITE  (23,1060)  DELTAH,  DELTAN,  DELTAE 
1060  FORMAT  ('DELTAH=',F7.1, '  KCAL/MOLE' , /, 'DELTAN=' , 

1  F7 . 1, /, ' DELTAE=' , F7 . 1) 

WRITE  (9,1070)  HEX,MWREAC 

1070  FORMAT  ( • HEX=’ , F9 . 4, 1  KCAL/GM' ,/, ’MWREAC=' , F9. 3, '  GM/MOL') 
WRITE  (9,1075) 

1075  FORMAT  ('STOICHIOMETRY:') 

DO  1100  1=1, NCOM 

WRITE  (9,1080)  MLFRAC(I) , TITLE (I) 

1080  FORMAT  (F7.5,'  ',A5, '  +  ') 

1100  CONTINUE 

WRITE  (9,1110)  MC02 , MCO , MH20 , MH2 , MN2 , MO 2 
1110  FORMAT  ('—  >  ' ,  F7 . 3,  '  C02  +  ',F7.3,  '  CO  +  ',F7.3, 

1  ’  H20  +  ' , F7 . 3, '  H2  +  ’ , F7 . 3, '  N2  +  ',F7.3, '  02') 

WRITE  (23,1120) 

1120  FORMAT  ('STOICHIOMETRY:') 

DO  1140  1=1 , NCOM 

WRITE  (23,1130)  MLFRAC ( I ) , TITLE ( I ) 

1130  FORMAT  (F7.5, '  ',A5, '  +  ') 

1140  CONTINUE 

WRITE  (23,1150)  MC02,MC0,MH20,MH2,MN2,M02 
1150  FORMAT  ( ' — >  ',F7.3, '  C02  +  ' ,F7.3, ’  CO  +  ’,F7.3, 

1  '  H20  +  ' , F7 . 3, '  H2  +  ' , F7 . 3, '  N2  +  ’,F7.3, '  02') 

CLOSE  (UNIT=23) 

WRITE  (9,1160) 

1160  FORMAT  (/,'**  PRESS  RETURN  TO  RESUME  FINDER  **') 

PAUSE 

1200  END 


Input  file  ("HEXIN"  in  program): 

aaaaaccccccccchhhhhhhhhooooooooonnnnnnnnnbbbbbbbbbbwwwww 

where,  a=5  letter  ingredient  ID  (A5),  c=carbon  subscript  in  stoichiometri 
formulation  (1  for  methane,  4  for  HMX,  etc.)  (F9.3),  h=hydrogen  subscript 
(F9.3),  o=oxygen  subscript  (F9.3),  n=nitrogen  subscript  (F9.3),  b=heat  of 


formation  in  kcal/mol 

(F10.3), 

w=weight 

fraction  of 

ingredient  in 

propellant\ 

(F5.3) . 

The  first 

line  is 

the  number  of 

components  in  t 

propellant 

(5  max  in 

this  program,  easily  changed),. 

Thus,  a  typical 

might  be: 

3 

NCB  6.000 

7.260 

10.480 

2.74 

-161.960 

0.435 

NG  3.000 

5.000 

9.000 

3.000 

-90.75000 

0.202 

HMX  4.000 

8.000 

8.000 

8.000 

17.930000 

0.363 

2NDPA12 . 000 

10.000 

2.000 

2.000 

17.00000 

0.025 
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DEP 

12.000 

11.000 

4.000 

0.000 

-180.00000 

0.040 

PGA 

4.580 

7.500 

2.340 

0.000 

-118.30000 

0.10 

TMETN5.000 

9.000 

9.000 

3.000 

-105.90000 

0.17 

NCC 

6.000 

7.365 

10.290 

2.64 

-164.789 

1.000 

NCA 

6.000 

7.550 

9.900 

2.45 

-169.067 

1.000 

NCD 

6.000 

7.680 

9.645 

2.32 

-172.146 

1.000 

Note  that  only  the  first  three  ingredient  lines  are  read  so  unused 
ingredients  can  be  "stored"  instead  of  being  retyped  each  time. 


APPENDIX  D.  PROPELLANT  INGREDIENTS 


Ingredient 


Structure 


Oxidizers: 

Ammonium  perchlorate  (AP) 

Ammonium  nitrate  (AN) 

HMX  (cyclotetramethylene  tetranitramine,  octogen,  etc.) 


NH4CIO4 

NH4NO3 


N02 

\ 

N—  CH2  N02 

/  \  / 

CH2  N 

I  I 

A  cn2 

N  02  CH2—  N 

\ 

NO^ 


RDX  (cyclotrimethylene  trinitramine,  hexogen,  etc.)  6  member  ring  analog  of  HMX 


Polymers:  (n  varies  depending  upon  polymerization  conditions) 

Hydroxy-terminated  polybutadiene  (HTPB)  HO-(-CH2-CH=CH-CH2-)n-OH 

Polyethylene  glycol  (PEG)  HO-(-CH2-CH2-0-)n-H 

Polydiethylene  glycol  adipate  (PGA)  H0-(-CH2-CH2-0-(C=0)-(CH2)2-(C=0)-0-)n-H 

Glycidyl  azide  polymer  (GAP) 

CH2N3 

1 


CH2—  o-  CH2-CH-0  )  -H 

n 

I  CH2  N  3 

I 

CH  —  o-  CH2-CH-0-)  -H 

I  n 

CH2  -  O  -  CH2-CH-0-)  -H 
z  1  n 

CH2  N  3 
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Plasticizers: 

Trimethylol  ethane  trinitrate  (TMETN) 
Nitroglycerin  (NG) 


CH3-C-(-CH2-0-N02-)3 


ch2—  ch— ch2 

I  I  I 

o  o  o 

I  I  I 

no2  no2  no2 


Curatives: 

Hexamethylene  diisocyanate  (HD I) 
Isophorone  diisocyanate  (IPDI) 


OCN-CH2-(-CH2-)4-CH2-NCO 


Dimer  acid  diisocyanate  (DDI) 


CH3(CH2)5 


CH3(CH2)4 


CH2-CH=CH-(CH:)7-NCO 


APPENDIX  E.  FLAME  EMISSION  SUMMARY 


Flame 

Emitting  species 

Comments 

H2/O2 

OH,  02,  blue  corn. 

h2/n2o 

oh,nh,no,nh2 

h2/no 

OH,NOt,02 

h2/no2 

OHt,  NO+O 

C0I02 

CO+O^t.COi 

002 

C2,C0+0, 

CO/NOx 

CO+O, NO+O, 02,C02 

hc/02 

OH,CH,C2,HCOt 

ch3oh/o2 

0H,C2tt,CH20,  CHt 

ch2o/o2 

OH.CO+0 

ch2cvo2 

OH,  CO+O 

CH4/NO 

OH,CH,NH,CN,C2tt,NO,NH2tt 

HC/NO 

OH,CH,NH,CN,C2,NO 

no  NH2 

hc/no2 

OHt,CH,NH,CN,C2,NO  (2nd) 

NO+O  (1st) 

CH4/C102 

oh,ch,c2,ch2o 

CH4/HCIO4  (1st) 

OHt,CH+ 

CH4/HCIO4  (2nd) 

OH,CH,CNt 

no  CIO 

h2/ci2,ch3cvo2 

OH.CIO 

Fuel  N  (org.)/02 

OH,CH,NH,CN,NO 

C2N2/air  (diffusion) 

c2 

G>N2/air 

CN  ,C2t 

c2N2/o2 

cn,c2,no 

ch3oh/n2o 

oh,ch,nh,cn,nh2 

no  CH20 

CH4/N20 

OH,CH,NH,CN,C2t,NO,NH2 

hc/n2o 

OH,CH,NH,CN,C2,NO,NH2 

ch2o/n2o 

OH,CHtt,NH,CN,NO?,NH2 

ch2o2/n2o 

OH, CO+O, NO+O 

c2h2/n2o 

OH,CH,NH,CN,C2,NH2 

c7h16/n2o 

oh,ch,nh,cn,c2,nh2 

(CH3)2C0/N20 

OH,CH,CN 

C2H50H/N20 

OH,CH,NH,CN,C2t,NH2 

NH3/NO 

OHt,NH,NOt? 

NH^ 

0Ht,NH,N0t?,N0+0,NH2 

Notes:  (1). 
(2). 

(3) . 

(4) . 

(5) . 


all  flames  premixed  except  as  noted 
t  =  weak,  =  very  weak 

1st  and  2nd  refer  to  1st  and  2nd  reaction  zones  in  flames  with  multiple  zones 
Data  from  References  104, 145  primarily 
HC=hydrocarbon  (general  category) 
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